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The aim of this thesis is to develop and synthesize molybdenum and platinum 
complexes with newly designed hybrid N-heterocyclic carbene ligands and 
explore their catalytic activity and photoluminescent properties. The 
incorporation of hybrid NHC with Platinum and Molybdenum should prompt 
interesting structural features which may have influence on the catalytic and 
luminescent properties. This thesis contains five chapters. 
 
Chapter 1, a general introduction, gives a review on the syntheses, structures 
and applications of Mo-NHC complexes and recent developments of 
luminescent Pt(II)-NHC complexes. 
 
Chapter 2 describes syntheses and characterization of a series of new 
benzothiazolyl imidazolium salts (pre-NHC ligands) and corresponding Ag(I)-
NHC complexes for transmetalation reaction and novel ionic η5-CpMo(II) 
carbonyl complexes bearing N,C-chelating benzothiazole-carbene. The 
catalytic properties of these Mo complexes in olefin epoxidation and 
behaviour under oxidative condition have been investigated.  
 
Chapter 3 reports the syntheses and characterization of novel tetra carbonyl 
Mo(0) and diiodo Mo(II) complexes bearing hybrid NHC ligands, N,C 
chelating benzothiazole-carbene and their application in olefin epoxidation 
catalysis. The present Mo(II) complexes are the first examples of di-iodo 
Mo(II)NHC complexes and they are found to be very active towards cis-
cyclooctene epoxidation. The exploration of these novel di-iodo Mo(II)NHC 
xi 
 
complexes may pave the way to explore new type of catalytic system towards 
olefin epoxidation catalysis.  
  
Chapter 4 presents the syntheses and characterization of a series of new N-
methylbenzimidazolyl imidazolium salts (pre-NHC ligands) and 
corresponding novel ionic Pt(II) tri, di-NHC complexes. Their DFT (density 
functional theory) and TD-DFT (Time Dependant DFT) analyses and 
investigation of their luminescent property have been performed.     
 
Chapter 5 introduces the exploration of cyclometalated dinuclear Pt(II)(III) 
complexes, which was inspired by serendipitous formation of similar type 
dinuclear Pt(II) complexes from designed reaction for cyclometalated 
Pt(II)NHC complex preparation. The syntheses and characterization of 
dinuclear Pt(II) d8-d8 complexes [Pt2L2(µ-NOS-κN,S)2] and Pt(III) d7-d7 
complexes [Pt2(L)2(µ-NOS-κN,S)2(NOS-κS)2] (NOSH (2-
mercaptobenzoxazole), L = ppy (2-phenylpyridine) and bzq 
(benzo[h]quinoline)) have been reported. Their DFT (density functional theory) 
analyses and investigation of their luminescent and electrochemical properties 
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1.1 General Introduction  
N-Heterocylic carbenes (NHCs) are electron-rich nucleophilic species in 
which the divalent carbenic center is directly attached to at least one nitrogen 
atom within the heterocycle.1 In 1960s, Wanzlick and co-workers reported the 
first application of NHC as ligand in metal complex.2,3 In 1991, Arduengo and 
collaborators successfully achieved the first isolation and characterization of 
crystalline free NHC, “bottle-able” 1,3-di(admantyl)imidazol-2-yielidine.4 As 
ligands in metal complexes, NHCs have been extensively compared with 
phosphines ligands due to their similarity and wide application in catalysis.5 In 
1995, Herrmann and co-workers reported the synthesis and application of 
Pd(II)-NHC complex in Heck reaction. These complexes were found to be 
ease of preparation, and with high thermal and hydrolytic stability, which 
showed promising advantages over conventional phosphines ligands involved 
metal complexes catalyzed reaction.6 In 1999, Nolan et al. reported, based on 
the thermal and structural studies, NHCs are generally considered as the better 
donors than phosphsphines ligands.7 Furthermore, the excellent σ-donating 
ability of NHCs compared to phosphine ligands allows stronger bonds with 
metals, which leads to electron-rich metal center and confers high stability and 
catalytic activity for NHC-transition metal complexes.8,9 In addition, the 
stereo-electronic properties of NHCs can be easily modified toward 
complexation with transition metals, such as the modifications of NHC 
backbone and exocyclic nitrogen substituents.8-14 NHCs are therefore, widely 
utilized ligands in transition metal complexes for catalysis5,15,16 
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Olefin epoxidation catalysis has attracted much academic and industrial 
interest in recent years.17,18 As indispensable precursors of functionalized 
products in the chemical and pharmaceutical industries, the commercial 
market value of epoxides have steadily grown to billions of dollars annually 
since the early 2000s.19 Therefore, exploring highly efficient catalytic systems 
is in great demand.18,20,21  
 
Molybdenum complexes have shown notable capability in homogeneous 
epoxidation catalysis.22,23 However, limited success has been achieved in 
asymmetric olefin epoxidation. The low chiral induction of chiral Mo 
complexes arises from the liability of chiral ligand and/or the instability of the 
chiral catalyst under oxidative conditions.24,25 NHCs have been considered as 
promising spectator ligand for transition metal complexes which are used in 
oxidation catalysis due to the strong metal-carbon bond and its potentially 
high oxidative stability.26 With the fruitful advancements of NHCs, many 
transition NHC complexes have been studied in oxidation catalysis26-32 such as 
coinage metals NHC complexes33,34(for alkyne oxidation and olefin oxidation), 
palladium NHC complexes (for alkane and alcohol oxidation)35,36 and 
ruthenium NHC complexes (for olefin oxidation).37,38 However, the catalytic 
activities of Mo-NHC complexes in olefin epoxidation catalysis have been 
rarely known in the literature in spite of the generally high catalytic activities 
of Mo complexes for this type of reaction.22,23 Thus, it is interesting to study 
the application of Mo-NHC complexes in olefin epoxidation catalysis. 
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Besides exploring metal-NHC complexes in catalysis, luminescent active 
complexes containing NHC ligand are also of interest to us.39 The most 
fascinating application of transition metal complexes is to act as luminophores 
in phosphorescent organic light emitting diodes (PhOLEDs), in which 
electrical energy is more efficiently converted to eletrophosphorescene 
comparing with organic light emitting diodes (OLED). In OLED or PhOLED 
devices such as flat panel display and solid state lighting sources, colour 
rendering index (CRI) as crucial parameter is mainly influenced by the deep 
blue, green and red phosphors which are utilized for the fabrication of three-
colour white OLEDs.39 Developing organometallic complexes as blue, green 
and red emitters with high phosphorescence quantum efficiency and 
microsecond lifetime are therefore, in great demand. Luminescent Pt(II)-NHC 
complexes have attracted tremendous research interest especially for their blue 
emission properties. The first example of luminescent Pt(II)-NHC complex40 
was reported by Zhang and co-workers in 2003 and since then, many other 
Pt(II)-NHC complexes have emerged with over the past decade. A number of 
these complexes have been patented for their outstanding performance in 
OLEDs.41-43 Versatile NHCs with unique stereo-electronic properties as ligand 
in Pt(II) complexes are widely foreseen to pave the way to the new generation 
of photoluminescence materials with high stability and high quantum 
efficiency for their application in OLEDs devices.39 
 
Following the rapid progress and the potential applications of metal NHC 
compounds in catalysis and material chemistry, in this thesis, the exploration 
of the syntheses, structures of new Mo-NHC and Pt-NHC complexes and 
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study of their photoluminescent and catalytic properties will be reported. A 
review on the syntheses, structures and applications of Mo-NHC complexes 
and recent developments of luminescent Pt(II)-NHC complexes is provided in 
the following sections.  
 
1.2 Mo N-Hetrocyclic Carbene Complexes 
Based on the oxidation state of molybdenum in reported NHCs complexes, it 
can be summarized as (1) Mo(0)-NHC complexes; (2) Mo(II)-NHC 
complexes; (3) Mo(VI)-NHC complexes, and will be discussed in the 
following sections. 
 
1.2.1 Mo(0) N-Heterocyclic Carbene Complexes 
Mo(0)NHCs complexes have been known for almost 40 years.44,45 The 
Mo(0)NHC chemistry was focused on the the structural studies rather than 
application such as catalysis. Different reaction routes have been adopted to 
prepare Mo(0) NHC complexes.46 Reaction of free carbene with Mo(0) 
carbonyl precursors such as Mo(CO)6, Mo(CO)3(CH3CN)3, Mo(CO)4(pipp)2, 
provided a more readily accessible pathway for Mo(0)NHC syntheses. The 
free NHCs can be in isolated form or generated in situ upon strong base 
treatment using NaH or KOtBu.47,48 Carbene transfer reactions have been also 
employed to synthesize the Mo(0)NHC complexes using triethylborane adduct 
of NHCs (NHC.BEt3) as carbene transfer agent.49 Nucleophilic addition to 
Mo(0) carbonyl complex with isocyanide ligands 50 and the insertion of 
molybdenum atom into the electron rich olefin at high temperature have been 
also reported to prepare Mo(0) NHC complexes.46  
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Figure 1.1 includes the Mo(0) carbonyl complexes with mono- NHC ligands 
with saturated backbone. Mo-1, Mo-4, Mo-5 and Mo-6 were prepared through 
the cleavage of electron rich olefins with Mo carbonyl precursors46 (See 
scheme 1.1, Lappert method). This reaction route is the more convenient than 
former dihydrogen or salt elimination methods involving thermolysis for 
syntheses of group 6 carbonyl NHC complexes (See scheme 1.2).44,51 Mixed 
dicarbene complex (Mo-2a) containing one NHC and one Fischer carbene can 
be prepared by the Fischer synthesis utilizing MeOSO2F as the alkylating 
reagent (See scheme 1.3). Other pyridine and phosphine substituted complexes 
(Mo-2b, Mo-2c, Mo-2d and Mo-3) were prepared through thermal (C6H11Me, 
100°C, for Mo-2b and Mo-2c) or photochemical (hv, hexane, 25°C, for Mo-
2d and Mo-3) synthetic route by displacement of carbonyl ligands in Mo-1a 
and Mo-2a.  
 
 
Scheme 1.1 Syntheses of Mo(0)-NHC carbonyl complexes  
 
 
Scheme 1.2 Dihydrogen or salt elimination methods involving thermolysis for 
syntheses of group 6 carbonyl NHC complexes 
 









Mo-1a, R = Me
Mo-1b, R = Et







Mo-2a, R = Me, L = C(OMe)Me
Mo-2b, R = Me, L = PPh3
Mo-2c, R = Me, L = Pyridine




















Mo-5a, R = Me











Scheme 1.3 Synthesis of mixed dicarbene complex Mo-2a 
 
Figure 1.2 describes examples of Mo(0) carbonyl compounds containing NHC 
ligands with different backbones. Mo(0) carbonyl complexes (Mo-7(a-g)) 
contain homoleptic or heteroleptic substituted or thio-phenyl or 
diphenylphosphenyl functionalised imidazole based NHC ligands have been 
reported.52-54 Complexes Mo-7(a)52, Mo-7(b)53 and Mo-7(e-g)54, were 
prepared by free carbene route using Mo(CO)6 or its derivative, 
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Mo(CO)5(CH3CN), as precursors. Mo-7c and Mo-7d were synthesized 
through reaction of Mo(CO)6 with NHC.BEt3 which is a carbene precursor 
with higher stability and more facile preparation comparing with free 
carbene.49 Mo-8 is triazol-5-ylidene based Mo(0) complexe and was prepared 
by reaction of free carbene with Mo(CO)6.55,56 Mo-9 and Mo-10 with redox 
active NHC ligands, 1,3-diferrocenylimidazolylidene and NqMes (1,3-
dimesitylnaphthoquinoimidazolylidene) were synthesized by free carbene 
method using Mo(CO)5(THF) as precusor and their electronic properties have 
been studied.57 The CO stretching bands in IR spectroscopy suggested that 
either an oxidizable or a reducible functional group could be incorporated into 
an NHC without significantly altering its fundamental electron-donating 
ability to [Mo(CO)5] fragments. A 16 valence electron complex, Mo-11  
prepared by free carbeen route, was supported by novel ferrocene-based 
backbone NHC, FcDAC (N,N`-diisobutyldiaminocarbene[3]ferrocenophane)58. 
Hahn et al. reported the template synthesis of Mo-12 through intramolecular 
nucleophilic addition of Mo(0) carbonyl complex with 2-aminophenyl 
isocyanide ligand (See scheme 1.4).50 Mo-13 bearing thiazolylidene ligand 
was synthesized from reaction of 4-methylthiazole-2-yllithium with 
Mo(CO)5(THF) followed by methylation using CF3SO3CH3.56 





































Mo-7a, R1 = R2 = Me, R3 = R4 = PhS
Mo-7b, R1 = Me, R2 = nBu, R3 = R4 = H
Mo-7c, R1 = R2 = Mes, R3 = R4 = H
Mo-7d, R1 = R2 = iPr, R3 = R4 = H
Mo-7e, R1 = R2 = Me, R3 = H, R4 = POPh2
Mo-7f, R1 = iPr, R2 = Me, R3 = H, R4 = POPh2









Mo-12a, R = H



















Scheme 1.4 Template Syntheses of Mo-12(a-b) 
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Figure 1.3 describes the Mo(0) complexes bearing di or tri-NHC ligands. The 
complexes Mo-14 can be prepared from reaction of mono NHC complexes 
Mo-1 or Mo(CO)6 with related electron rich olefin under thermal conditions.46 
Complex Mo-16 containing two triazolinylidene ligands was synthesized 
through free carbene method.55 For complexes (Mo-14(a-d) and Mo-15(a,b)) 
the isomers with cis-configuration are thermodynamically favoured compared 
to the trans-isomers.59 The inter-conversion of cis or trans dicarbene 
complexes can be achieved by applying thermal or photochemical 
conditions.46,59 Asami and co-workers reported the synthesis of novel chiral 
C2-symmetric chiral o-xylylene-bridged di-NHC Mo(0) complexes, Mo-16, 
through free carbene route using Mo(CO)6 as precusor. However, no catalytic 
study of those Mo chiral complexes has been reported.60 Mo(0) complexes, 
Mo-17 with di-NHC ligands bound by various linkers, such as o-xylylene, 
propylene, methylene and ethylene have been also reported.48,61 These 
complexes were prepared through the reaction of Mo(CO)6 with bis-NHC.BEt3 
adducts. Di-NHC ligands in Mo-17(a-d) adopted the twisted confirmation 
which gave C2-symmeric structures of complexes. Reactivity of these 
complexes toward trimethylphosphite was studied under thermal condition, 
which gave the production of complexes Mo-18(a-c). Mo-19 was prepared 
from the reaction between electron rich olefin and Mo(CO)4(nor) (nor = 
norbornadiene) in THF, which proveded the equilibrium between free NHC 
ligand and its dimer (electron rich olefin) in solution.62 Mo-20 is the only 
example of Mo tri-NHC complex which was prepared by free carbene method 
using Mo(CO)3(CH3CN)3 as precusor.63     
 




Figure 1.3 Structures of Mo(0) di and tri NHC complexes. 
 
Hybrid ligands are polydentate ligands which contain at least two different 
types of chemical functionality capable of binding to metal centres.64 Metal 
complexes with hybrid NHC ligands and its applications have been well 
reviewed.15,65-68 However, there are only a few examples with hybrid NHCs 
implanted in Mo(0) NHC chemistry (see figure 1.4). Mo-21, Mo-22 and Mo-
23 with mixed NHC and phosphine hybrid ligands were prepared by free 
carbene method.48 Ganter et al. reported the novel NHC ligands hybridized 
with phosphaferrocenes in complexation with Mo(CO)4(pipp)2 (pipp, 
piperidine) for structural study (Mo-24(a-b), Mo-25 and Mo-26).47 Mo-22, 
Mo-23 and Mo-26 adopted the fac-configuration. 




Figure 1.4 Structures of Mo(0) complexes with hybrid-NHC ligands 
 
For Mo(0)-NHC complexes, the Mo-Ccarbene bond lengths ranged from 2.23-
2.35 Å. The shortest bond distance of 2.232(2) Å was observed in the trans-
isomer of Mo-14a, the longest bond distance was found in the fac tri-NHC 
complex Mo-20 with 2.35(1) Å. The CO stretching bands in IR spectroscopy 
and the Mo-Ccarbene bond lengths of the literature known Mo(0) NHC 
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Table 1.1 The CO stretching bands in IR spectroscopy, the Mo-Ccarbene bond 
lengths of known Mo(0)-NHC complexes.  
 
Entry Complex IR: ߥ (CO) (cm-1) Mo-Ccarbene (Å) Ref. 
1 Mo-1a 2064, 1931 - 46 
2 Mo-1b 2060, 1928 - 46 
3 Mo-1c 2065, 1933 - 46 
4 Mo-2c 2014, 1919, 1900, 1894 - 46 
5 Mo-2a 2008, 1889, 1885, 1854  46 
6 Mo-2b 1996, 1899, 1861, 1818 - 46 
7 Mo-2d 2003, 1883, 1875, 1835 - 46 
8 Mo-4 2059, 1921 - 46 
9 Mo-5a 1876, 1581 - 46 
10 Mo-5b 1880, 1590 - 46 
11 Mo-6 1861,1580 - 46 
12 Mo-7a 2064, 1993, 1933, 1859, 
1839 
2.273(4) 52 
13 Mo-7b 2061, 1927 2.288(9) 53 
14 Mo-7c 1972, 1915, 1877 - 49 
15 Mo-7d 1971, 1925, 1909, 1888 - 49 
16 Mo-7e 2061, 1987, 1876 2.264(4) 54 
17 Mo-7f 2063, 1974, 1905 - 54 
18 Mo-7g 2064, 1979, 1929 - 54 
19 Mo-8 2064, 1934, 1910 - 55 
20 Mo-9 2052, 1926, 1889 - 57 
21 Mo-10 2063, 1980, 1933, 1675 - 57 
22 Mo-11 2025, 1905, 1876, 1828 ca. 2.26 58 
23 Mo-12a 2066, 1922, 1889 - 50 
24 Mo-12b 2066, 1938, 1888 - 50 
25 Mo-13 2067, 1985, 1945 2.247(4) 56 
26 Mo-14a 1994, 1868, 1863, 1838 2.293(3) 46 
27 Mo-14a  
(trans 
isomer) 
- 2.232(2) 59 
28 Mo-14b 1993, 1870, 1862, 1839 - 46 
29 Mo-15 1999.8, 1884.1, 1871.6, 
1836.9 
2.267(4), 2.252(4) 55 
30 Mo-15  
(trans 
isomer)  
1851.4 - 55 
31 Mo-16a 1993,1932, 1863, 1816, 2.324(5), 2.328(6) 60 
32 Mo-16b 1996, 1901, 1858, 1805 2.289(6), 2.309(5) 60 
33 Mo-16c 1993, 1932, 1863, 1816 2.319(3), 2.327(4) 60 
34 Mo-17a 1999, 1896, 1847, 1788 2.306(2), 2.294(2) 61 
35 Mo-17b 1998, 1877, 1849, 1802 2.290(3) 61 
36 Mo-17c 1993, 1879, 1844, 1792 - 61 
37 Mo-17d 1991, 1874, 1844, 1792 - 61 
38 Mo-18a 1913, 1806, 1765 - 61 
39 Mo-18b 1917, 1814, 1775 - 61 
40 Mo-18c 1900,  1797, 1752 - 61 
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41 Mo-19 - 2.234(3) 62 
42 Mo-20 1881, 1764 2.35(1),2.31(1), 
2.30(1) 
63 
43 Mo-21 2005, 1881, 1827, 1796 - 48 
44 Mo-22 1905, 1814, 1789 2.263(2) 48 
45 Mo-23 1889, 1785, 1741 - 48 
46 Mo-24a 2010, 1896, 1869 2.300(4) 47 
47 Mo-24b 2010, 1891, 1861 2.268(5) 47 
48 Mo-25 2008, 1952, 1880, 1847 - 47 
49 Mo-26 1934, 1835 - 47 
 
1.2.2 Mo(II) N-Heterocyclic Carbene Complexes 
There are generally three types of Mo(II)-NHC complexes based on the 
ancillary ligand presented : (1) Mo(II)(CO)2(NHC)2X2, (2) η5-
Cyclopentadienyl and η5-indenyl Mo(II)-NHC, and (3) η3-allyl and η3-2-
methylallyl Mo(II)-NHC. In all cases carbonyl ligand and mono-NHC ligand 
are present. Four methods have been reported for the syntheses of Mo(II)-
NHC: (1) Free carbene method. (2) Carbene transfer reaction with NHC.BEt3 
or Ag(I)-NHC complexes. (3) Oxidation of Mo(0)-NHC to Mo(II)-NHC by 
mild oxidant. (4) Rearrangements of coordinated imidazole to NHC using 
strong base followed by an alkylating reagent. The CO stretching bands in IR 
spectroscopy, the Mo-Ccarbene bond lengths and the turnover frequencies (TOF) 
for the cyclooctene epoxidation catalysis of known Mo(II)-NHC complexes 
have been summarized in Table 1.2. 
 
1.2.2.1 Mo(II)(CO)2(NHC)2X2 
In 1987, Lappert et al. reported the Mo(II)-NHC complex Mo-27 which was 
prepared from the oxidation of cis-Mo(0)-NHC complex by silver triflate (See 
scheme 1.5). Mo-27 adopted a severely distorted octahedral geometry with 
Mo-Ccarbene bond length of 2.157(5) and 2.152(5) Å, and to our best knowledge 
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it is the shortest Mo-C carbene bond length known in the literature. No 
catalytic behaviour of this complex in epoxidation was investigated. 
 
 
Scheme 1.5 Synthesis of Mo-27 through oxidative addition. 
 
1.2.2.2 η5-Cyclopentadienyl and η5-indenyl Mo(II)-NHC Complexes 
In 2003, Bullock et al. firstly reported the synthesis of CpMo carbonyl NHC 
complex, Mo-28, CpMo(CO)2(IMes)H (IMes = 1,3-bis(2,4,6-
trimethylphenyl)imidazol-2-ylidene), and Mo-29, 
[CpMo(CO)2(IMes)][B(C6F5)4].69,70 Mo-28 was prepared from the substitution 
of phosphine ligand in CpMo(CO)2(PR3)H with free carbene IMes. Hydride 
transfer reaction gave the ionic complex Mo-29 in which Mo center had 
interaction with mesityl ring (See scheme 1.6). 
 
 
Scheme 1.6 Synthesis of Mo-29 through salt metathesis reaction. 
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Subsequently, Royo et al. reported the syntheses of series of ansa-bridged 
cyclopentadienyl functionalized NHCs complexes Mo-30, (Cpx-
NHC)Mo(CO)2I (Cpx-NHC, Ansa-bridged Cp-NHC ligands) (figure 1.5) 
which were prepared from reaction of [MoCl(η3-C3H5)(CO)2(CH3CN)2] with 
imidazolium salt in the presence of n-BuLi (free carbene route).71 These 
carbonyl complexes were examined as catalysts for cis-cyclooctene 
epoxidation at 55 °C in chloroform with molar ratio of catalyst: substrate: 
TBHP = 1: 100: 300. Although enhanced stability compared to those 
conventional CpMo(CO)3X type complexes was observed, these ansa bridged 
carbene complexes showed only moderate to poor activity in olefin 
epoxidation catalysis (for epoxide yield: Mo-30a, 19% (9 h), 25% (20 h); Mo-
30c, 5% (8 h), 11% (20 h); Mo-30d, 26% (5 h), 51% (8 h), 91% (20 h)) with a 
long induction period. 
 
 
Figure 1.5 Ansa-bridged cyclopentadienyl functionalized NHCs complexes  
 
In 2010, Hor and Zhao et al. reported the syntheses of neutral complexes 
CpMo(CO)2(NHC)X (NHC = IBz (1,3-dibenzylimidazol-2-ylidene), IMe (1,3-
dimethylimidazol-2-ylidene), InPr(1,3-dipropylimidazol-2-ylidene), IMenPr(1-
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methyl-3-propylimidazol-2-ylidene), IMes), Mo-31 and ionic complexes Mo-
32(a-b) [CpMo(CO)2(NHC)][BF4], NHC = IBz, IMes, (See figure 1.6). 
Complexes Mo-31 were prepared from reaction of silver carbene complex 
with CpMo(CO)3Br or CpMo(CO)2PPh3Cl under reflux in toluene. The 
applications of those complexes as catalysts in cis-cyclooctene expoxidation 
using TBHP as oxidant have been investigated. Complexes Mo-31 showed 
low catalytic activity (epoxide yield up to 20% (4 h)) due to the decomposition 
of catalysts to relevant imidazolium salts. It is noteworthy that Mo-32(a-b) 
complex gave high activity for olefin epoxidation. It can be attributed to the 
high stability of Mo-C carbene bond in such ionic complex. It may also pave 
the way to study the ionic form of CpMo(II)-NHC complexes as catalyst in 
oxidation catalysis. Furthermore, the potential improvement of catalytic 
performance in this system could be achieved with modifications of stereo-
electronic properties on NHC ligands, such as the introduction of hybrid-NHC. 
 
 
Figure 1.6 Structures of η5-CpMo(II)-NHC carbonyl complexes  
 
Recently, Kuhn et al. reported the Cp-Mo(II) carbonyl complexes Mo-33 and 
Mo-34 with tetrazolyliden and 1,2,3-triazolylidene as spectator ligands (See 
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figure 1.7).72,73 These complexes were synthesized through a transmetalation 
route by reaction of corresponding silver carbene with CpMo(CO)3Cl in 
dichloromethane. Mo-34 showed moderate catalytic activities towards to cis-
cyclooctene epoxidation (epoxide yield 38% and 74% after 4 h using decane 
or ionic liquids as solvent, respectively) using a molar ratio of catalyst: 
substrate: TBHP = 1: 100: 200. The decomposed products triazolium 
polymolybdates were observed in the course of catalysis.   
 
 
Figure 1.7 Structures of η5-CpMo(II)-NHC carbonyl complexes  
 
Bis(Cp)molybdenum NHC complexes with saturated and unsaturated NHC 
ligands have been reported by Yamachguchi et al. (See figure 1.8).74 
Complexes Mo-35 and Mo-36 were synthesized by free carbene method using 
[MoCp2(H)(OTs)] and [MoCp2(H)Li]4 as precursors, respectively. The same 
reaserch group also developed indenyl-functionalised triethylborane adduct of 
NHC which was employed in complexation of molybdenum to form Mo-37. 
However, no catalytic behaviours of these complexes were studied.  
 










Mo-35a, R = iPr
Mo-35b, R = Me






Mo-36, R = Mes Mo-37
 
Figure 1.8 Mo(II)-NHC complexes Mo-35(a-c), Mo-36 and Mo-37 
 
1.2.2.3 η3-allyl and η3-2-methylallyl Mo(II)-NHC Complexes 
Figure 1.9 describes the examples of η3-allyl and η3-2-methylallyl Mo(II)-
NHC Complexes. η3-allyl Mo(II)-NHC complexes Mo-38 were prepared by 
reaction of carbene transfer reagent NHC.BEt3 with amidinato(pyridine) 
complex, [Mo(η3-allyl)(η2-(NPh)2CH)(CO)2(pyridine)] under thermal 
condition (reflux in toluene).75 Mo-38a was obtained in high yield (92%) 
whereas Mo-38b in low yield (14%) which was decomposed to dinuclear Mo 
cluster bearing amidinato and bridging carbonyl ligands with loss of NHC 
during the course of preparation. Mo-39 is the only example of di-NHC 
chelate Mo(II) complex in the literature76. It was prepared by free carbene 
method using [MoCl(η3-C3H5)(CO)2(CH3CN)2] as precursor. Mo-39 was 
applied as catalyst in cis-cyclooctene epoxidation using TBHP and H2O2 as 
oxidants with molar ratio of catalyst: substrate: oxidant = 1:100:300 at 70 °C. 
It showed moderate catalytic activities, which gave quantitative epoxide yield 
in 8 h with 1 h induction period (H2O2 used) or no induction time (TBHP 
employed). It is noteworthy that Mo-39 is a rare example of an active Mo 
complexes-H2O2 system towards olefin epoxidation. However, both cleavage 
of Mo-C carbene bond and Mo-η3-allyl bond were observed in the presence of 
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Figure 1.9 η3-allyl Mo(II)-NHC Complexes Mo-38(a-b) and Mo-39 
 
As shown in scheme 1.7, η3-2-methylallyl Mo(II)-NHC Complexes Mo-40(a-e) 
were prepared through the rearrangement of coordinated imidazole to NHC 
ligands upon the treatment of strong base followed by alkylation reagents. 
Theoretical study was also conducted for understanding the reactions.77 No 
catalytic performance of these complexes was reported. 
 
 
Scheme 1.7 Synthesis of η3-2-methylallyl Mo(II)-NHC Complexes Mo-40(a-e) 
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For Mo(II)-NHC complexes, the Mo-Ccarbene bond lengths ranged from 
2.152(5)-2.285(9) Å. The shortest bond distance of 2.152(5) Å was observed 
in the triflate complex Mo-27, the longest bond distance was found in the η3-
allyl complex Mo-38b with 2.285(9) Å. [η5-CpMo(CO)2(NHC)(CH3CN)][BF4] 
complexes Mo-32(a-b) showed the best catalytic activity towards epoxidation 
catalysis with TOF 21 h-1. The CO stretching bands in IR spectroscopy, the 
Mo-Ccarbene bond lengths and the turnover frequencies (TOF) for the 
cyclooctene epoxidation catalysis of the literature known Mo(II) NHC 
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Table 1.2 The CO stretching bands in IR spectroscopy, the Mo-Ccarbene bond 
lengths and the turnover frequencies (TOF) for the cyclooctene epoxidation 
catalysis of known Mo(II)-NHC complexes.  
 
Entry Complex IR: ߥ (CO) (cm-1) Mo-Ccarbene (Å) TOF a (h-1) Ref. 
1 Mo-27 - 2.152(5), 2.157(5) - 78 
2 Mo-28 1930, 1858 2.187(8) - 69,70 
3 Mo-30a 1933, 1834 2.207(3) - 71 
4 Mo-30b 1935, 1832 - - 71 
5 Mo-30c 1945, 1851 - - 71 
6 Mo-30d 1941, 1860 - 5.2 b 71 
7 Mo-31a 1955, 1832 2.224(3) 1 79 
8 Mo-31b 1946, 1841 2.241(3) 2 79 
9 Mo-31c 1956, 1860 2.244(3) 4 79 
10 Mo-31d 1952, 1874 - 1 79 
11 Mo-31e 1953, 1872 2.221(3) 5 79 
12 Mo-31f 1959, 1858 2.224(2) 1 79 
13 Mo-32a 1953, 1870 2.249(3) 21 79 
14 Mo-32b 1972, 1879 2.228(2) 21 80 
15 Mo-33 1940, 1844 2.173(2) - 73 
16 Mo-34 1943, 1848 2.221(4) 9.5 72 
17 Mo-35a - 2.219(7) - 74 
18 Mo-35b - 2.212(6) - 74 
19 Mo-37 1794, 1773 2.189(3) - 81 
20 Mo-38a 1913, 1829 2.276(4) - 75 
21 Mo-38b 1906, 1811 2.285(9) - 75 
22 Mo-39 1919, 1815 - 18 c /20 d 76 
23 Mo-40a 1950, 1866 - - 77 
24 Mo-40b - 2.240(3) - 77 
25 Mo-40c 1946, 1865 - - 77 
26 Mo-40d 1947, 1866 - - 77 
27 Mo-40e - 2.252(4) - 77 
Note: a TOFs are calculated based on 4 h yield of cyclooctene oxide for all cases 
except entry 6. Catalytic reaction conditions: molar ratio of catalyst: cis-cyclooctene: 
TBHP = 1: 100: 200; 55 °C; b Catalytic reaction conditions: molar ratio of catalyst: 
cis-cyclooctene: TBHP = 1: 100: 300; 55 °C, TOF is calculated based on 5 h yield of 
cyclooctene oxide. c Catalytic reaction conditions: molar ratio of catalyst: cis-
cyclooctene: H2O2 = 1: 100: 300; 70 °C. d Catalytic reaction conditions: molar ratio of 
catalyst: cis-cyclooctene: TBHP = 1: 100: 300; 70 °C.  
 
1.2.3 Mo(VI) N-heterocyclic Carbene Complexes 
Although NHC is considered as a strong σ donor, there are very few reports 
on the stability of Mo-Ccarbene bond in high-valent molybdenum complexes and 
their related catalysis study. In 1996, Herrmann et al. reported the pioneering 
work in dioxo Mo(VI) tri-NHC complex Mo-41 (See scheme 1.8).82 This 
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complex is extremely air sensitive, which leads to no avenue for isolation and 
a fully characterization for further investigation in the application of 
epoxidation catalysis. Inspired by Herrmann’s noble attempts, in 2006, Royo 
et al. reported the synthesis of similar dioxo Mo(VI)-NHCs complexes Mo-42 
and Mo-43.83 In order to understand stereo-electronic effects on the stability of 
Mo-C carbene bond, backbone and N substituents modifications of NHCs 
were applied in that work (See scheme 1.9). Again, the air sensitivity of these 
complexes was observed and there was no further study in olefin epoxidation 
catalysis. In 2010, Hor and Zhao et al. firstly reported the successfully 
isolation and characterization of Mo(VI)-NHC complex Mo-44(a-b) using 
oxidative decarbonylation of Mo(II)-NHC complex Mo-32(a-b) by TBHP (see 
scheme 1.10).80 This complex showed considerable higher stability than the 
previously reported Mo(VI) NHC complexes. Mo-44b was also proved to 
demonstrate high catalytic activity towards olefin epoxidation and is 
mechanistically related to complex Mo-32b in epoxidation process. 
Subsequently, Hor and Zhao et al. reported the first crystallographic study of 
Mo(VI)-NHC complex, the polyoxomolybdate salt of Mo-42(b) 
([CpMo(IBz)O2]2[Mo6O19]). This study has illuminated the direction for 
exploring stable and active Mo(VI)-NHC catalyst for olefin epoxidation. The 
Mo=O stretching bands in IR spectroscopy, the Mo-Ccarbene bond lengths and 
the turnover frequencies (TOF) for the cyclooctene epoxidation catalysis of 
above Mo(VI)-NHC complexes have been summarized in table 1.3. 




Scheme 1.8 Synthesis of Mo-41 
 
 
Scheme 1.9 Syntheses of Mo-42(a-c) and Mo-43(a-b) 
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Table 1.3 The Mo=O stretching bands in IR spectroscopy, the Mo-Ccarbene 
bond lengths and the turnover frequencies (TOF) for the cyclooctene 
epoxidation catalysis of known Mo(VI)-NHC complexes.  
 
Entry Complex IR ߥ (Mo=O) (cm-1) Mo-Ccarbene (Å) TOF Ref 
1 Mo-41 916, 912 - - 82 
2 Mo-42a 955, 914 - - 83 
3 Mo-42b 954, 913 - - 83 
4 Mo-42c 949, 913 - - 83 
5 Mo-43a 942, 916 - - 83 
6 Mo-43b 920, 880 - - 83 
7 Mo-44a 956, 801 - - 79 
8 Mo-44b 929, 898 - 21 80 
9 Hexamolybdate  
form of Mo-44b 
- 2.173(4) - 80 
Note: a TOFs are calculated based on 4 h yield of cyclooctene oxide. Catalytic 
reaction conditions: molar ratio of catalyst: cis-cyclooctene: TBHP = 1: 100: 200; 
55 °C 
 
1.3 Luminescent Pt(II)-NHC Complexes 
The types of NHC ligands used in luminescent Pt(II)-NHC complexes can be 
summarized as: (1) mono-carbene (2) di-carbene (3) tetra-carbene (4) hybrid-
NHCs. Currently, there is no Pt(II) tri(carbene) complexes have been reported 
for its luminescent properties. 
 
1.3.1 Pt(II) Complexes with Mono-Carbene Ligand  
Figure 1.10 describes the examples of luminescent Pt(II) complexes with 
Mono-carbene ligand. Mono-carbene acting as ancillary ligand in luminescent 
cyclometalated Pt(II) complex has been studied. In 2011, Che et al. reported 
the synthesis of [Pt(N^C^N)(InBu)][PF6] complexes (N^CH^N = 1,3-bis(2’-
pyridyl)benzene). Pt-1a and Pt-1b were synthesized by free carbene route. 
These two complexes showed vibronically structured emission in greenish 
blue region with low quantum yield.84 Coordination of NHC ligand also 
rewards luminescent cyclometalated Pt(II) complex to have enhanced stability 
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compared with conventional cis-plainum anticancer drugs in biological 
reactions. For example, reported by Che et al., complexes Pt-2 was prepared 
from free carbene route using [(C^N^N)Pt(N≡C-CH3)][PF6] (C^N^N, 6-
phenyl-2,2’-bipydyl, 4,6-diphenyl-2,2’-bipyridyl and 4-(3,5-ditBu-phenyl)-6-
phenyl-2,2’-bipydyl) as precursors. These complexes were studied for anti-
cancer properties and they were emissive in the green region of the visible 
spectrum. Pt-2d showed novel capability as a potent anticancer agent, in 
which this complex, in vitro, significantly inhibited the expression of 
surviving, activated poly(ADP-ribose) polymerase and induced apoptosis in 
cancer cells.85 Hor et al. reported the cyclometalated Pt(II) complex with 
carbene derived from caffeine as an ancillary ligand (See Pt-3). Pt-3 was 
synthesized by external base method through the reaction between 
[Pt(C^N)(µ-Cl)]2(C^N = 2-phenylpyridine), NaOAc and 1,3,7,9-
tetramethylxanthinium tetrafluoroborate in DMSO at 100°C. Pt-3 gave green 
region emission with moderate quantum yield (0.58).86 In 2013, Guichared 
and Bellemin-Laponnaz et al.87 reported a series of trans-NHC amine Pt(II) 
complexes, in which Pt-4 and Pt-5 were prepared from the ligand exchange 
reaction with corresponding diiodo Pt(II)(NHC)(pyridine) complex which was 
synthesized by external base method with PtCl2, K2CO3, relevant imidazolium 
salts and NaI. Fluorescence behaviour of Pt-4 could be attributed to a 
modified dansyl substituent (5-(dimethylamino)naphthalene-1-sulfonyl).87 Pt-
4 gave significantly lower intensity of emission at 502 nm as compared to 
dansyl ligand. Pt-5 worked by fluorescence resonance energy transfer (FRET), 
in which the fluorescence of NHC-anthracence in Pt-5 was quenched by 
dabsyl (4-(4-dimethylaminophenylazo)benzenesulfonyl) derivative ligand. 
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Through ligand substitution reaction between cyclohexylamine and Pt-5, the 
luminance of the resultant Pt(II)(NHC)(cyclohexylamine) complex was 
observed, the phenomena could be utilized for understanding the interaction 
between Pt(II)-NHC and DNA.87         
 
 
Figure 1.10 Luminescent Pt(II) complexes with mono-carbene ligand 
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1.3.2 Pt(II) Di-carbene Complexes  
In luminescent Pt(II) Di-carbene complexes, there are two types of NHC, 
chelate and non-chelate carbene ligands have been involved. Most of 
luminescent Pt(II) dicarbene complexes are incorporated with cyclometalating 
ligands, such as 2-phenylpyridine, 2-thienylpyridine and 1,3-bis(2’-
pyridyl)benzene, and acetylide ligands.  
 
1.3.2.1 Pt(II) complexes bearing non-chelated di-carbene ligands 
Figure 1.11 describes examples of luminescent Pt(II) dicarbene complexes 
with non-chelate NHC ligands. In 2003, Zhang et al. reported the first 
example of luminescent Pt(II)NHC complex, trans dicarbene complex Pt-6a, 
which was prepared by free carbene method using Pt(cod)Cl2 as precursor. 
The fluorescence property of Pt-6a can be attributed to the chromphore 
anthracence pendent of the NHC ligand.40 Pt-6b with replacement of Cl- by 
CN- shows similar luminescent properties.88 In 2011, Che et al. reported 
luminescent complexes [Pt(II)(C^N)(InBu)2][PF6] (C^N = 1,3-bis(2’-
pyridyl)benzene), Pt-7(a-b), in which the 1,3-bis(2’-pyridyl)benzene binding 
to Pt in η2-bidentate coordination mode. These complexes were prepared by 
free carbene route, in which Pt(N^C^N)Cl complexes (N^CH^N = 1,3-bis(2’-
pyridyl)benzene) were treated by two equivalents free InBu ligands. Pt-8 was 
prepared through the protonation of Pt-7a with excess HPF6 in acetonitrile. 
Pt-8 exhibited stronger green emission and longer decay time (493 and 512 
nm, 0.3 µs) than that of Pt-7a (479 and 507nm, 13.5 µs); this can be attributed 
to the quenching effect by the interaction of Pt and pendent pyridyl in Pt-7a. 
These complexes were studied in solid-state luminescent sensor for acid 
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vapors.84 In 2013, Venkatesan et al. reported cis and trans Pt(II) acetylide 
NHC complexes Pt-9 and Pt-10, prepared by the free carbene method. Trans 
complex Pt-10 with ibim (N,N’-diisopropylbenzimidazol-2-ylidene) and 
phenyacetylide ligands gave blue emission with high quantum yield (up to 0.8) 
in a spin coated film (10 wt% in PMMA).89 
 
Figure 1.11 Luminescent Pt(II) dicarbene complexes with non-chelate NHC 
ligands  
 
1.3.2.2 Pt(II) complexes bearing chelated di-carbene ligands 
The pioneer work of luminescent Pt(II) alkynyl NHC complexes were started 
from the chelated di-NHC ligands. In 2011, Venkatesan et al. reported a new 
series of Pt(II) alkynyl complexes bearing with bis–NHC chelate.90 All these 
complexes were prepared from reactions between corresponding Pt(II) bis-
NHC complexes and alkyne under treatment of n-BuLi. Complexes Pt-11(a-g) 
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gave blue to red region emission with low quantum efficiency and long life 
time up to ca. 30 µs (for Pt-11e). TD-DFT study revealed the involvements of 
metal perturbed 3LLCT and 3MLCT low lying emissive states. Very recently, 
in 2014, to extend the scope of bis-NHC chelate, Venkatesan et al. reported 
the synthesis and luminescent study of complexes Pt-12, Pt-13 and Pt-14, in 
which various NHC and alkynyl ligands were introduced for complexation. 




Figure 1.12 Luminescent Pt(II) complexes bearing chelated di-carbene 
ligands 
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In 2013, Tsubomura et al. reported a series of Pt(II) complexes bearing a bis-
carbene chelate and cyclometalated chelate (2-phenylpyridine and its 
derivatives) (See Pt-15). These complexes exhibited green emission in the 
solid state and in solution with moderate quantum yield up to 0.54, in which 
bis-carbene ligands with propylene (n=3) linker gave longer emission lifetimes 
and higher quantum yields. This could be attributed to the more distorted Pt 
coordination plane, which can reduce the non-radiative transition rate based on 
TD-DFT calculation.92 In the same year, Che et al. reported similar 
luminescent complexes Pt-16 with different cyclometalated chelate (C^N, 
benzo[h]quinoline and 2-thienylpyridine). These complexes showed potent 
phototoxicity to cancer cells, in which these Pt complexes selectively localized 
to the endoplasmic reticulum domain, induced ER stress and cell apoptosis.93 
Complex Pt-17 bearing an ortho-xylene-linked bis(NHC)cyclophane and 2-
pyridyltetrazolate chelate exhibited deep blue phosphorescent emission with 
low quantum yield (0.14). Alkylation of Pt-17 in the tetrazole ring gave Pt-18 
in which significant reduction of the quantum yields compared to Pt-17 was 
observed.94    
 










































Pt-16Pt-15, n = 1, 2, 3, R = H, Me
Pt-17 Pt-18
 
Figure 1.13 Luminescent Pt(II) complexes bearing chelated di-carbene 
ligands 
 
1.3.3 Pt(II) Tetra-carbene Complexes  
Strassner et al. reported a series of homoleptic or heteroleptic platinum tetra-
carbene complexes.95-97 Complexes Pt-19 all gave near-UV region emission 
(ca. 386 nm) with moderate quantum yields. In Pt-20, the replacement of 
NHC backbone from imidazol-2-ylidene to triazoline-5-ylidene led to red shift 
emission to blue spectral region. 
 




Figure 1.14 Luminescent Pt(II) Tetra-carbene Complexes 
1.3.4 Pt(II) Complexes with Hybrid-NHC Ligands 
During the last five years, there have been rapid growth of interest to introduce 
hybrid-NHC ligands for Pt(II) complex in photoluminscent study. The types of 
hybrid NHC-ligands in the reported luminescent Pt(II) are summarized as: (1) 
NHC based C^C cyclometalated ligands; (2) Pyridyl functionalized bidentate 
NHC; (3) C^N^C pincer type pyridyl-NHC; (4) C^C^C pincer type 
cyclometalated-NHC. (5) Tetra-dentate bis[phenolate-(NHC)] ligands and 
those luminescent Pt(II) complexes will be reviewed in the following sections. 
 
1.3.4.1 NHC based C^C yclometalated Pt(II) complexes  
Strassner et al. reported a series of NHC based cyclometalated (C^C, 1-
phenyl-3-methylimidazol-2-ylidine) Pt(II)NHC complexes with β-diketonate 
ligands (See figure 1.15, Pt-21(a-h), Pt-22, Pt-23(a,b), Pt-24 and Pt-25(a-d)) 
and some of these complexes have been patented.98-102 The effects of the 
substituents of phenyl moiety, NHC backbone as well as acetylacetonate 
ligands on the phosphorescent properties of the Pt(II) complexes have been 
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studied. Complexes Pt-21(a-f)98, containing strongly donating group in the 
phenyl rings gave higher quantum efficiency than that of complexes Pt-21(a-
c); Pt-21c showed green emission at 550 nm with low quantum yield (0.11) 
whereas others gave blue region emission. Complexes Pt-21(d-f) were utilized 
for fabrication of white OLEDs device with good CIE coordinates and 
external quantum efficiency (EQE) up to 6.2%. Pt-22 has extended π system 
of dibenzothiopheneand it exhibited blue-green emission with moderate 
quantum yield (0.63).99 Very recently, complexes Pt-23(g, h) and Pt-23(a, b) 
have been reported in which NHC and β-diketonate ligands were stereo-
electronically modified. These complexes gave blue emission with high 
quantum yield up to 85%, Pt-21h and Pt-23b with more steric shielding 
mesityl substituted β-diketonate ligand gave significant higher quantum 
efficiency than Pt-21g and Pt-23b.102 1,2,3-trazolin based NHC C^C chelating 
ligand has been applied in photophysical study of complex Pt-24, which gave 
blue emission with moderate quantum yield (0.42).101 Complexes Pt-25(a-d) 
were synthesized for studying the photophysical properties of dinuclear 
platinum system.100 Pt-25a was found to have poor solubility in organic 
solvents. Pt-25(b-d) gave blue-green emission with impressive quantum yield 
up to 0.93 and EQE up to 8.47% in fabricated OLEDs. Wang et al. reported 
the introduction of boron substituent on the phenyl of C^C chelation in Pt(II) 
β-diketonate ligands. These complexes Pt-26a and Pt-27b gave blue emission 
with impressive quantum yields of 0.90 and 0.86 and EQE up to 17.9% (for 
Pt-26a) for fabricated OLEDs.103  
 

















































Pt-21a, R1 = 4-H, R2 = H, R3 = Me
Pt-21b, R1 = 4-Br, R2 = H, R3 = Me
Pt-21c, R1 = 4-NO2, R2 = H, R3 = Me
Pt-21d, R1 = 4-OMe, R2 = H, R3 = Me
Pt-21e, R1 = 4-Me, R2 = H, R3 = Me
Pt-21f, R1 = 2,3-OC6H4, R2 = H, R3 = Me
Pt-21g, R1 = 4-CN, R2 = tBu, R3 = Me







Pt-23a, R = Me
Pt-23b, R = Mes
Pt-25a, R1 = Me, R2 = Me,
Pt-25b, R1 = Me, R2 = tBu
Pt-25c, R1 = Me, R2 = Mes






Figure 1.15 Luminescent cyclometalated (C^C) Pt(II)NHC with β-diketonate 
ligands 
 
1.3.4.2 Pt(II) complex with pyridyl functionalized bidentate NHC ligands 
Pt(II) alkynyl complexes (Pt-27(a-c) and Pt-28(a-c)) with pyridyl-NHC as 
C^N chelating ligands have been synthesized and studied for luminescent 
properties (See figure 1.16).91 These complexes were prepared thorough 
transmetalation reaction between the corresponding Ag(I)-NHC and Pt(II)(cod) 
alkynyl complex. These Pt(II) complexes gave blue emission but with low 
quantum yield compared to those analogues of Pt(II) bis-carbene complexes 
(See figure 1.12).     
 




Figure 1.16 Luminescent Pt(II) complex with pyridyl functionalized bidentate 
NHC ligands 
 
1.3.4.3 Pt(II) complex with C^N^C pincer type pyridyl-NHC ligands 
In 2010, Lin et al. reported the syntheses of Pt(II) pincer type NHC complexes 
Pt-29 and Pt-30 (see figure 1.17). These complexes were prepared from the 
one-pot reaction of the imidazolium salts, K2PtCl4 and Ag2O in DMSO under 
r.t. or heat condition. Pt-29 showed aquachromic behaviour in the solid state 
upon hydration and dehydration, which exhibited orange (614 nm) and green 
emission (550 nm), respectively.104 Pt-30 displayed blue to yellow emission 
due to vapochromatic effect when the complex was exposed to small donor 
solvent molecules, like acetone, THF, water or methanol.105 Recently, in 2013, 
Yam and Wong et al. reported a series of platinum(II) alkynl complexes (Pt-
31(a-f)) with similar pincer type NHC ligands. The emission of these 
complexes was tuneable upon the introduction of different acetylide ligands, 
in which green to red emission with moderate to low quantum yields were 
observed.106 




Figure 1.17 Luminescent Pt(II) complex with C^N^C pincer type pyridyl-
NHC ligands 
 
1.3.4.4 Pt(II) complex with C^N^C pincer type pyridyl-NHC ligands 
In 2012 and 2013, Hollis et al. reported a series of Pt(II) complexes bearing 
C^C^C pincer type cyclometalated NHC ligands (See figure 1.18).107-109       
Pt-32(a-c) and Pt-34 were prepared through metalation and transmetalation 
route from the reaction of related imidazolium salts and Zr(NMe2)4 followed 
by Pt(cod)X2 (X = Cl or Br). Pt-32a and Pt-32b gave blue emission with low 
quantum efficiency and showed high photostability in air. Pt-33a and Pt-33b 
were prepared from the stoichiometric reaction of Pt-32c with silver salts. 
Pt2Ag2 cluster was obtained when Pt-32c was treated with excess of 
AgO2CCF3 (2 molar equivalent), which exhibited the concentration-dependent 
emission ranged from blue-green to red region.108 Benzimidazole based pincer 
NHC Pt(II) complex Pt-34 was found to be emissive at blue-green region and 
more resistant to photobleaching than many emitters.109 
 




Figure 1.18 Luminescent Pt(II) complex with C^C^C pincer type 
cyclmetalated NHC ligands 
 
1.3.4.5 Pt(II) complex with tetra-dentate bis[phenolate-(NHC)] ligands 
In 2013, Che et al. reported series of Pt(II) complexes with tetra-dentate 
bis[phenolate-(NHC)] ligands (See figure 1.19).110 These complexes were 
prepared by external base method employing Et3N and Pt(DMSO)2Cl2. 
Complexes Pt-35(a-d) gave deep blue emission with low quantum efficiency. 
Pt-35e with less rigid NHC ligand exhibited red shifted emission at green 
spectral region (550 nm) with moderate quantum yields. Pt-36 was found to 
be only emissive in solid state. Pt-35d was utilized for the fabrication of blue 
and white OLEDs device with high performance. 
      
 
Figure 1.19 Luminescent Pt(II) complex with bis[phenolate-(NHC)] ligands 
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1.4 Objective of this Study. 
As the progress of Mo-NHC chemistry and luminescent Pt(II)-NHC study 
reviewed above, it is noteworthy to highlight specific gaps in those studies: 
• Although Mo complexes show generally good catalytic activities for 
oxidation catalysis, the catalytic application of Mo-NHCs is much less 
explored; Mo(0)-NHCs complexes have not been studied in olefin 
epoxidation catalysis.  
• For CpMo(II)(CO)2(NHC)X system, the instability of the Mo-NHC 
bond limits the resultant catalytic activities towards expoxidation. 
However, its ionic analogues [CpMo(CO)2NHC][X] have high stability 
and give high catalytic performance in olefin epoxidation catalysis. It 
is crucial to further investigate the above system by the modifications 
of stereo-electronic properties of NHC ligands. 
• Only a few variations of hybrid NHC ligands have been applied in Mo-
NHC chemistry. Thus, there is significant interest to take the 
advantages of hybrid NHC ligands in catalysis for Mo-NHC chemistry. 
• There is intensive interest to further explore Pt(II)-NHCs complexes 
bearing NHC ligands. To the best of our knowledge, only a few 
hybird-NHCs have been explored in Pt(II) complexes in luminescent 
study. 
The aim of this thesis is to develop and synthesize molybdenum and 
platinum(II) complexes with newly designed hybrid NHCs ligands as well as 
the investigation of their catalytic activity and photoluminescent properties. 
The incorporation of hybrid ligands with Pt and Mo should prompt interesting 
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structural features which may have influence on the catalytic and luminescent 
properties. The details are summarized below:  
• To design new types of hybrid N^C chelate bidentate NHCs ligands 
and enhance the significance of NHCs as ligands in molybdenum and 
platinum chemistry.  
• To synthesis Mo(0) and Mo(II) carbonyl complexes containing these 
NHC ligands for better complex stability and to apply the resulted 
complexes in olefin epoxidation catalysis.  
• To synthesis Pt(II) complexes with hyrbrid-NHC ligands, study their 
photoluminescent properties and correlation of its structural features.  
 
This research work will only focus on the synthetic methodology, 
photoluminescent measurements and catalysis study of synthesized Mo and Pt 
complexes. The fabrication of OLED devices and its performance 
measurements using the synthesized Pt complexes is beyond the scope and 














Chelating Benzothiazole-Carbene Complexes: 
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NHCs have been extensively studied for transition metal complexes in 
catalysis due to their attractive features as ligands for over two decades.5,15,16 
Recently, many efforts have been dedicated to the design of hybrid NHC 
ligands containing unique donor function in order to add coordinative 
flexibility with the metal center. In many instances, these hybridization 
resulted in excellent catalytic outcomes.64 We have recently demonstrated 
catalytic activities of cyclopentadienyl (Cp) Mo(II) carbonyl complexes with a 
series of simple monodentate NHC ligands towards olefin epoxidation.79,80  
High-valent dioxo-Mo(VI)-NHC ionic complexes were obtained from the 
oxidation of these Mo(II)-NHC using TBHP as oxidant, which are 
mechanistically related with the Mo(II) precursor in the epoxidation 
catalysis.79,80  However, to our best knowledge, only few variations of hybrid 
NHC ligands have been applied in Mo(II)-NHC chemistry, (ansa-bridged 
cyclopentadienyl functionalized NHCs complexes Mo-30, (Cpx-
NHC)Mo(CO)2I (Cpx = Cp, Cp* and CpBz) (Chpater 1, figure 1.6)71 with 
limited catalytic performance (See chapter 1). Thus, there is significant 
interest to further explore hybrid NHC ligands in catalysis for Mo-NHC 
chemistry. In this chapter, a series of new benzothiazolyl-imidazolium salts, 
and their use as NHC precursor in the synthesis of Ag(I)-NHC complexes and 
Mo(II) NHC complexes, and the catalytic study of these Mo complexes will 
be reported.   
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2.2 Synthesis and characterization of the pre-NHC ligands and the Ag(I)-
NHC complexes.  
New functionalized imidazolium salts, 1-(benzothiazol-2-yl)-3-
methylimidazolium chloride (2.1) 1-(benzothiazol-2-yl)-3-benzylimidazolium 
chloride (2.2) and 1-(benzothiazol-2-yl)-3-allylimidazolium chloride (2.3) 
were prepared from nucleophilic substitution of 2-chlorobenzothiazole with 
substituted imidazoles under neat conditions (solvent free) in 60–73% yields 
(Scheme 2.1). The 1H and 13C NMR spectra (measured in DMSO-d6) of 2.1, 
2.2 and 2.3 indicated downfield resonances of the NCHN protons at δ 10.54, 
10.84 and 10.48 ppm and of the NCHN carbon at δ 137.54, 137.12 and 137.12 
ppm, respectively.  
 
 
Scheme 2.1 Synthesis of the benzothiazolyl-imidazolium salts 2.1–2.3 
 
The transmetalation reagents, Ag(I) NHC complexes, 2.4–2.6 were 
synthesized from 2.1–2.3 with Ag2O refluxed in 1,2-dichloroethane in 67–75% 
yields (Scheme 2.2). Complex 2.4 and 2.5 are dinuclear with general formula 
of [Ag(L)(µ-Cl)]2, (L = L1 = 1-(benzothiazolin-2-yl)-3-methylimidazol-2-
ylidene, 2.4; L = L2 = 1-(benzothiazolin-2-yl)-3-benzylimidazol-2-ylidene, 
2.5). Complex 2.6 is a mononuclear complex as Ag(L)Cl, (L = L3 = 1-
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(benzothiazolin-2-yl)-3-allylimidazol-2-ylidene). The signals at δ 180.75 ppm 
(2.4), 180.84 ppm (2.5) and 180.67 ppm (2.6) in their 13C NMR spectra (in 
DMSO-d6) are indicative of the Ag–Ccarbene bond formation.  
 
 
Scheme 2.2 Synthesis of the Ag(I)-NHC complexes 2.4–2.6 
  
2.3 Synthesis and characterization of Cp-Mo(II) carbonyl NHC complexes  
Complexes [CpMo(CO)2(L)]2[Ag2Br4] (L = L1, 2.7; L = L2, 2.8; L = L3, 2.9) 
were obtained from the reaction between CpMo(CO)3Br and Ag(I)NHC 
complexes 2.4–2.6 in toluene under reflux in 72–83% yields (Scheme 2.3). 
[CpMo(CO)2(L)][X] (L = L1, X = BF4, 2.10; L = L2, X = BF4, 2.11; X = PF6, 
2.12; X = OTf), 2.13; L = L3, X = BF4, 2.14) were synthesized from salts 
metathesis reaction between Mo complexes 2.7‒2.9 and AgX (X = BF4, PF6 or 
OTf) in high yields (79‒85%) (See scheme 2.3). All the compounds have been 
characterized by ESI-MS, IR, 1H- and 13C-NMR spectroscopy and elemental 
analysis.  




Scheme 2.3 Synthesis of ionic CpMo(II)-NHC complexes 
 
The 1H and 13C NMR spectra of the Mo(II)-NHC complexes were measured in 
DMSO-d6. The singlet signals of the Cp ring in 1H NMR spectra appeared at δ 
= 5.85–5.98 ppm. In 13C NMR, the Cp signal was shown at ca. δ 94.7 ppm, 
and the carbene signals at δ 198.9–199.9 ppm. The two carbonyls resonated at 
ca. δ = 247.9–247.5/247.2–246.7 ppm in 13C NMR. The characteristic 13C 
NMR signal of triflate anion (-OTf) in 2.13 was found at δ 120.6 ppm (q, JC-F 
= 322 Hz). The [CpMo(CO)2(L)]+ cations at m/z = 433.8 (for 2.7 and 2.10), 
509.8 (for 2.8, 2.11, 2.12 and 2.13) and 459.8 (for 2.9 and 2.14) were verified 
by ESI-MS spectral analysis (+ve mode). The IR spectra of these complexes 
exhibited νsym(CO) between 1963 and 1988 cm-1, and the νasym(CO) between 
1864 and 1897 cm-1. Comparing to the CO stretching bands reported in other 
CpMo(II) carbonyl NHC complexes, Mo-28–Mo-34 (See table 1.2 in chapter 
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1, entries 2‒16)70-72,79,80,111, the higher carbonyl frequencies in 2.7‒2.14 clearly 
indicates a more electron deficient Mo center in the [CpMo(CO)2(L)]+ cation.   
 
2.4 Molecular structures of 2.4‒2.11 and 2.14 determined by single-crystal 
X-ray diffraction  
The single crystals of 2.4‒2.6 were obtained from slow diffusion method using 
the solvent pair of dichloromethane and diethyl ether. As shown in the 
molecular structures of 2.4–2.6 (See figures 2.1‒2.3), in all these three 
complexes the hybrid NHCs L1‒L3 acted as monodentate ligand with the 
benzothiazolyl nitrogen and sulfur atoms uncoordinated. In 2.4 and 2.5, the 
[Ag2Cl2] core is planar with the chlorides asymmetrically bound to the silver 
center with different Ag(1)-Cl(1) (2.4089(7) Å in 2.4, 2.7849(7) Å in 2.5) and 
Ag(1)-Cl(1A) (2.7865(7) Å in 2.4, 2.4005(7) Å in 2.5) bond distances. The 
Ag⋅⋅⋅Ag distances of 2.4 (3.789 Å) and 2.5 (3.650 Å) may indicate the absence 
of interactions. Close proximity between Ag and S atoms in 2.4 (3.133 Å) and 
2.5 (2.982 Å) could suggest weak secondary interactions.112 This is supported 
by the inward orientation of the sulfur facing the metal. The Ag–Ccarbene bond 
lengths (2.098(2) in 2.4 and 2.094(3) Å in 2.5) are within the range expected 
for silver carbene complexes.65,113 
 




Figure 2.1 ORTEP diagram of 2.4 (30% probability ellipsoids). Hydrogen 
atoms are omitted. Selective bond lengths (Å) and angles (°): Ag(1)–C(1) 
2.098(2); Ag(1)–Cl(1) 2.4089(7); Ag(1)–Cl(1A) 2.7865(7); C(1)–Ag(1)–Cl(1) 
156.41(7); C(1)–Ag(1)–Cl(1A) 114.51(7); Cl(1)–Ag(1) –Cl(1A) 86.63(2). 
 
 
Figure 2.2 ORTEP diagram of 2.5 (30% probability ellipsoids). Hydrogen 
atoms are omitted. Selective bond lengths (Å) and angles (°): Ag(1)–C(1) 
2.094(3); Ag(1)–Cl(1A) 2.4005(7); Ag(1)–Cl(1) 2.7849(7); C(1)–Ag(1)–
Cl(1A) 158.50(7); C(1)–Ag(1)–Cl(1) 110.59(7); Cl(1A)–Ag(1)–Cl(1) 90.84(2) 
 
Complex 2.6 is the mononuclear version of 2.4 and 2.5. The Ccarbene–Ag–Cl is 
more linear 176.50(8)° than that of the Ag(I) benzoxazole-carbene complex 
(168.5(1)°).114 The Ag–Ccarbene bond length of 2.084(3) Å in 2.6 is comparable 
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to those reported mononuclear Ag(I)NHC complexes.65,113 A secondary 
interaction between Ag and S atoms was also observed in 2.6 with Ag(1)⋅⋅⋅S(1) 
of 3.135 Å.   
 
 
Figure 2.3 ORTEP diagram of 2.6 (30% probability ellipsoids). Hydrogen 
atoms are omitted. Selective bond lengths (Å) and angles (°): Ag(1)–C(1) 
2.084(3); Ag(1)–Cl(1) 2.3526(8); C(1)–Ag(1)–Cl(1) 176.50(8). 
 
The single crystals of 2.7, 2.8, 2.10, 2.11, and 2.14 were obtained from slow 
diffusion method using the solvent pair of acetonitrile and diethyl ether. X-ray 
diffraction structural analysis revealed a common 4-legged piano stool 
structure of the [CpMo(CO)2NHC]+ cation in  these compounds (Figures 2.4-
2.8). The hybrid ligand coordinated to the Mo(II) center in a bidentate C,N 
chelating mode forming a five-member ring. The N–Mo–Ccarbene chelate angle 
was obvserved between 72.0(3) and 72.66(9)° whereas Mo–N (benthiazolyl) 
bond lengths ranged between 2.195(5) and 2.217(2) Å. Complexes 2.7 and 2.8 
consist of two [CpMo(CO)2NHC]+ cations and one [Ag2Br4]2- anion whereas 
complexes 2.10, 2.11 and 2.14 contain only one [CpMo(CO)2NHC]+ cation 
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and one BF4- anion. Comparing with the Mo–Ccarbene bond lengths observed in 
those reported Mo(II) NHC complexes (see Table 1.2),69-75,77 2.7, 2.8, 2.10, 
2.11, and 2.14 have much shorter Mo–Ccarbene bonds (2.143(2)–2.166(3) Å) 
owing to the chelation effect of the hybrid NHC ligand. Complex 2.11 has the 
shortest Mo-Ccarbene bond length (2.143(2) Å) among the crystallographically 
established Mo-NHC complexes in the literature (See table 1.1‒1.3 in chapter 
1,). Only Mo-27, [Mo(CO)2(IEt)2(OSO2CF3)2]78 (IEt = 1,3-diethylimidazol-2-
ylidene) (2.152(5) and 2.157(5) Å) (See table 1.2 in chapter 1, entry 1)  has 
comparable lengths.  
 
 
Figure 2.4 ORTEP diagram of one [CpMo(CO)2NHC]+ and [Ag2Br4]2- of 2.7 
(30% probability ellipsoids). Hydrogen atoms are omitted. Selective bond 
lengths (Å) and angles (°): Mo(1)–C(18) 1.95(1); Mo(1)–C(17) 1.98(1); 
Mo(1)–C(8) 2.161(9); Mo(1)–N(1) 2.206(8); C(18)–Mo(1)–C(17) 75.0(5); 
C(8)–Mo(1)–N(1) 72.0(3).  
  




Figure 2.5 ORTEP diagram of one [CpMo(CO)2NHC]+ and [Ag2Br4]2- of 2.8 
(30% probability ellipsoids). Hydrogen atoms are omitted. Selective bond 
lengths (Å) and angles (°): Mo(1)–C(24) 1.966(6); Mo(1)–C(23) 1.991(6); 




Figure 2.6 ORTEP diagram of 2.10 (30% probability ellipsoids). Hydrogen 
atoms are omitted. Selective bond lengths (Å) and angles (°): Mo(1)–C(6) 
1.967(3); Mo(1)–C(7) 1.979(3); Mo(1)–C(8) 2.166(3); Mo(1)–N(1) 2.217(2); 
C(6)–Mo(1)–C(7) 76.7(1); C(8)–Mo(1)–N(1) 72.66(9). 
 
 




Figure 2.7 ORTEP diagram of 2.11 (30% probability ellipsoids). Hydrogen 
atoms are omitted. Selective bond lengths (Å) and angles (°): Mo(1)–C(23) 
1.988(4); Mo(1)–C(24) 1.944(3); Mo(1)–C(8) 2.162(3); Mo(1)–N(1) 2.206(2); 




Figure 2.8 ORTEP diagram of 2.14 (30% probability ellipsoids). Hydrogen 
atoms are omitted. Selective bond lengths (Å) and angles (°): Mo(1)–C(20) 
1.975(2); Mo(1)–C(19) 1.994(2); Mo(1)–C(8) 2.143(2); Mo(1)–N(1) 2.196(1); 
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2.5 Application of Mo(II) NHC complexes in epoxidation catalysis 
The present ionic Mo complexes provide a prototype to study the effects of 
hybrid NHC ligand and counter-ions on the catalytic activities of CpMo(II) 
carbonyl NHC systems towards olefin epoxidation catalysis. The catalytic 
activities of all Mo complexes have been examined as catalyst for cyclooctene 
epoxidation with tert-butyl hydroperoxide (TBHP) as oxidant at 55 °C or r.t.. 
The time-dependent epoxide yields catalysed by 2.7‒2.14 are given in figure 
2.9. No induction period was observed in the course of the catalysis. The 
complexes with BF4- as the counter anion, 2.10, 2.11 and 2.14 were most 
active, giving epoxide yield of ca. 90% after 4 h (TOF of 22.5 h-1, calculated 
at 4 h), are comparable to the most active Mo(II)/(VI) NHC complexes under 
similar reaction conditions viz. Mo-32a 
([CpMo(CO)2(IMes)(CH3CN)][BF4])79 and Mo-32b 
([CpMo(CO)2(IBz)(CH3CN)][BF4])80 (TOF of ca. 21 h-1, calculated at 4 h; See 
chapter 1, table 1.2, entries 13 and 14) . Complex 2.11 could reach as high as 
90% yield of epoxide after 3 h. Complexes 2.7, 2.8 and 2.9 with [Ag2Br4]2- 
anion were significantly inferior with epoxide yield of 10% after 4 h. 
Although complexes 2.11, 2.12 and 2.13 share the same cation 
[CpMo(CO)2(L2)]+, complexes 2.12 and 2.13 (with PF6- and -OTf, 
respectively) are less active with ca. 70% epoxide yield after 4 h (TOF of ca. 
17.5 h-1). Reaction temperature gave significant influence on the catalytic 
performance. For 2.11, only 37% (4 h) epoxide yields were obtained at room 
temperature (See figure 2.10). Moreover, using aprotonic polar cosolvent, 
CH3CN, 2.11 gave lower catalytic activity compared to co-solvent free 
condition with 70% yield in 4 h (at 55 °C) and 31% yield in 4 h (at r.t.) (See 
Ph.D Thesis  Wang Zhe 
53 
 
figure 2.11), however, it is much higher catalytic performance comparing to 
recently reported CpMo(II) carbonyl triazolylidene complex, Mo-349 under 
similar conditions (CH3CN as solvent, expoxide yield of 31% at 55 °C in 4 h). 
The low catalytic activity at r.t. was also observed in other Mo 
complexes/TBHP catalytic systems.115-123 Mo-39 ([Mo(η3-allyl)Cl(CO)2(bis-
NHCBz)]) was reported to be active catalyst for the epoxidation of cis-
cyclooctene with either TBHP or H2O2 as oxidant (TOF of 18 h-1 with H2O2, 
TOF of 20 h-1 with TBHP, see Table 1.2 in chapter 1, entry 22)76 with molar 
ratio of catalyst: cis-cyclooctene: TBHP or H2O2 = 1: 100 : 300 at 70 °C. 
However, H2O2 is not a suitable oxidant for the Mo(II) NHC complexes 
studied in this work. This was illustrated by 2.11 giving only 4% epoxide yield 
in 4 h when H2O2 was employed as oxidant at 55 °C.               
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Figure 2.9. Time-dependent yields of cyclooctene epoxide using compounds 
2.7‒2.14 as catalysts and using TBHP as oxidant at 55 °C (catalyst: substrate : 
oxidant = 1:100:200). 
 
                                              
 
Figure 2.10 Time-dependent yields of cyclooctene epoxide using compound 
2.11 as catalyst and using TBHP as oxidant at 55 °C (1) no co-solvent; (2) co-
solvent CH3CN (2 mL) or at r.t. (3) no co-solvent; (4) co-solvent CH3CN (2 
mL) (catalyst: substrate :oxidant = 1:100:200). 
 
2.6 Reactivity of 2.11 under oxidative condition  
Complex 2.11 was treated with 5-fold excess of TBHP (~5.5 M in decane over 
molecular sieves 4 Å) at r.t. in CD3CN under stirring. The orange solution was 
changed to greenish yellow after 5 min reaction. The time-dependant 1H NMR 
spectra (See figure 2.11) showed that the Cp fingerprint peak of 2.11 at δ 5.68 
ppm can still be observed after 5 min reaction, as well as emergence of a new 
peak at δ 6.58 ppm. After 15 min, the new peak remained while, the Cp peak 
of 2.11 disappeared. Similar observation was noted in the time dependant 1H 
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NMR spectral study of the oxidation of Mo-32a, 
[CpMo(CO)2(IMes)(CH3CN)][BF4] and Mo-32b, 
[CpMo(CO)2(IBz)(CH3CN)][BF4] with TBHP to the oxidation products  
[CpMoO2(NHC)][BF4] under similar conditions, in which there were down-
field shift of Cp peaks from δ 4.94 to 6.26 ppm and δ 5.59 to 6.50 ppm, 
respectively.79,80 The emerged new peak at δ 6.58 ppm could hence be 
assigned to the Cp signal of [CpMoO2(L2)]+. The formation of Mo(VI)-NHC 
species from the oxidation of 2.11 was also supported by ESI-MS analysis 
(See figure 2.12). The sets of peaks at 480–490 m/z and 676–686 m/z in the 
positive mode spectrum correspond to [CpMoO2(L2)]+ and ([CpMoO3(L2)] + 
2TBHP)+, respectively, in which the Mo(VI) center coordinates to oxo and/or 
peroxo ligands. The fragments related to the NHC ligand L2 were also 
observed at 292 m/z and 336 m/z, which correspond to [L2H]+ and 
[L2+COOH]+, respectively. The [L2+COOH]+ could be attributed to the 
reaction between free carbene (L2) and CO2.79,124-127 Additionally, the weak 
peaks observed in the 1H NMR spectrum at δ 6.53–6.27 ppm and δ 9.45 ppm 
could be assigned to the decomposed products of the Cp ligand and the 
formation of imidazolium salt, thus revealing the partial decomposition of 2.11 
during the oxidation process. Although the molecular structure of 
[CpMoO2(L2)]+ species is still unclear, this spectroscopic study may indicate 
the in-situ generation of Mo(VI)-NHC species upon the treatment of TBHP 








Figure 2.11 Kinetic 1H NMR experiments on the reaction of 2.11 and TBHP 
at r.t. in CD3CN. 
 
 
Figure 2.12 Positive mode ESI-MS spectrum of the reaction mixture of 2.11 
and TBHP (1:5) after 10 min of reaction time. 
 
 




This work demonstrated the preparation of cationic Mo(II)-NHC carbene 
complexes using transmetalation methodology by taking advantage the 
coordinative switch of hybrid carbene-thiazolyl C-N ligands from Ag(I) to 
Mo(II) with concomitant generation of a cationic coordination sphere with a 
shorter Mo-Ccarbene bond due to chelating effect. It is encouraging to observe 
an epoxide yield as high as ~90% under facile conditions (3 h at 55 oC). The 
anions in these complexes also show significant influences on catalytic 
activities in epoxidation. These findings have prompted us to extend the study 
to other related stable cationic carbene catalysts with different counter-ions, 
especially additional chiral features on the hybrid ligand skeleton for 
asymmetric epoxidation catalysis.  
 
2.8 Experimental Section 
All commercial chemicals were used as purchased. All preparations and 
manipulations were performed using standard Schlenk techniques under a 
nitrogen atmosphere. Solvents were dried by standard procedures and distilled 
under nitrogen and used immediately. TBHP (tert-butyl hydroperoxide, 5.0-
6.0 M in decane), 1-methylimidazole, 2-chlorobenzothiazole, 1-
benzylimidazole and 1-allylimidazole were purchased from commercial 
sources and used as received. CpMo(CO)3Br was prepared based on literature 
method.128 Elemental analyses for C, H, and N were performed on a Perkin-
Elmer PE 2400 CHNS elemental analyzer and Elementar vario MICRO Cube. 
1H and 13C NMR were measured at r.t. with Bruker ACF300 300 MHz and 
AMX500 500 MHz FT NMR spectrometers. Electrospray ionisation mass 
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spectrometric (ESI-MS) analysis was performed on a Finnigan LCQ 
quadrapole ion trap mass spectrometer and Brucker amaZon X ion trap mass 
spectrometer. Infrared spectra were obtained on the Varian 3100 FT-IR 
spectrometer using samples in KBr disc. Catalytic reactions were monitored 
by GC methods on a Shimadzu GC2010 with a J&W DB-5 column. 
 
 
Labelling benzothiazolyl moiety for NMR signal assignments 
 
Synthesis of 1-(benzothiazol-2-yl)-3-methylimidazolium chloride (2.1) 
1-Methylimidazole (1.232 g, 15 mmol) was added to 2-
chlorobenzothiazole (2.544 g, 15 mmol) in a 25 mL schlenk flask, and the 
mixture was stirred and heated to 100 °C under N2 atmosphere for 16 h. The 
resultant slurry was washed with CH3CN (3×15 mL) followed by Et2O (20 
mL). An off-white solid was collected and dried in vacuo.  
Yield: 2.341 g, 62%. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 10.54 (s, 1H, 
NCHN), 8.57 (s, 1H, =CHN(benzothiazole)), 8.31 (d, J = 8.0 Hz, 1H, Hd), 
8.14 (s, 1H, =CHN(CH3)), 8.05 (d, J = 8.0 Hz, 1H, Ha), 7.64 (dd, J = 8.0, 7.0 
Hz, 1H, Hc), 7.58 (dd, J = 8.0, 7.5 Hz, 1H, Hb), 4.04 (s, 3H, N(CH3)). 13C 
NMR (125.77 MHz, DMSO-d6): δ (ppm) = 154.65 (C7), 148.99 (C5), 137.54 
(NCHN), 133.29 (C6), 127.66, 126.70, 125.20 (=CHN(benzothiazole)), 123.32, 
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122.95, 120.28 (=CHN(CH3)), 36.49 (NCH3). Anal. Calcd. for C11H10N3SCl: 
C, 52.48; H, 4.00; N, 16.69; S, 12.74; Found: C, 52.20; H, 3.68; N, 16.52; S, 
12.84. ESI-MS (in MeOH, m/z (%)): [M – Cl]+  = 216.1 (100). 
 
Synthesis of 1-(benzothiazol-2-yl)-3-benzylimidazolium chloride (2.2) 
Compound 2.2 was prepared and purified with a 
similar method as described for compound 2.1. 1-Benzylimidazole (2.373 g, 
15 mmol) and 2-chlorobenzothiazole (2.544 g, 15 mmol) were used as starting 
materials.  
Yield: 3.589 g, 73%. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 10.84 (s, 1H, 
NCHN), 8.61 (s, 1H, =CHN(benzothiazole)), 8.32 (d, J = 8.0 Hz, 1H, Hd), 
8.23 (s, 1H, =CHN(Bz)), 8.06 (d, J = 8 Hz, 1H, Ha), 7.66–7.57 (m, 4H), 7.46–
7.39 (m, 3H), 5.66 (s, 2H, -CH2Ph). 13C NMR (125.77 MHz, DMSO-d6): δ 
(ppm) = 154.76 (C7), 148.96 (C5), 137.12 (NCHN), 134.21, 133,37 (C6), 
128.87, 128.85, 128.70, 127.64, 126.69, 123.77, 123.30 
(=CHN(benzothiazole)), 122.95, 121.14 (=CHN(Bz)), 52.44 (-CH2Ph).  Anal. 
Calcd. for C17H14ClN3S: C, 62.28; H, 4.30; N, 12.82; S, 9.78; Found: C, 62.47; 
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Synthesis of 1-(benzothiazol-2-yl)-3-allylimidazolium chloride (2.3) 
Compound 2.3 was prepared with a similar method as 
described for compound 2.1. 1-Allylimidazole (1.622 g, 15 mmol) and 2-
chlorobenzothiazole (2.544 g, 15 mmol) were used as starting materials. The 
resultant oily product was purified by column chromatography on silica gel 
using dichloromethane and methanol as eluents.  
Yield: 2.499 g, 60%. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 10.48 (s, 1H, 
NCHN), 8.62 (s, 1H, =CHN(benzothiazole)), 8.32 (d, J = 8 Hz, 1H, Hd), 8.12 
(s, 1H, =CHN(Allyl)), 8.09 (d, J = 8.0 Hz, Ha), 7.66 (dd, J = 8.0, 7.5 Hz, 1H, 
Hc), 7.60 (t, J = 7.5 Hz, 1H, Hb), 6.18–6.10 (m, 1H, -CH2CH=CH2), 5.47–
5.42 (m, 2H, -CH=CH2), 5.04 (s, 2H, -CH2CH=CH2). 13C NMR (125.77 MHz, 
DMSO-d6): δ (ppm) = 154.66 (C7), 148.94 (C5), 137.12 (NCHN), 133.34 (C6), 
131.06 (-CH2CH=CH2), 127.63, 126.68, 123.86, 123.28, 122.94, 120.85 (-
CH=CH2), 51.47 (-CH2CH=CH2). Anal. Calcd. for C13H12ClN3S: C, 56.21; H, 
4.35; N, 15.13; S, 11.54; Found: C, 56.11; H, 4.05; N, 15.11; S, 11.36. ESI-
MS (in MeOH, m/z (%)): [M – Cl]+ = 242.1 (100). 
 
Synthesis of Silver Carbene Complexes 2.4, 2.5 and 2.6  
Ag2O (0.139 g, 0.6 mmol) was added to the respective imidazolium chloride 
salts (2.1, 0.252 g, 1.0 mmol; 2.2, 0.328 g, 1.0 mmol; 2.3, 0.278 g, 1.0 mmol) 
in 1,2-dichloroethane (30 mL). After refluxing for overnight with the 
exclusion of light, the reaction mixture was filtered through Celite. The filtrate 
was dried under vacuum and washed with deionised water, hexane and Et2O. 
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The characterization data for the silver-NHC complexes 2.4, 2.5 and 2.6 are as 
follows: 
Complex 2.4: Light brown solid (Yield: 0.267 g, 
75%). 1H NMR (300MHz, CDCl3): δ (ppm) = 8.16 (d, J = 1.8 Hz, 2H, 
=CHN(benzothiazole)), 7.95 (dd, J = 7.8, 0.9 Hz, 2H, Hd), 7.88 (dd, J = 7.8, 
0.9 Hz, 2H, Ha), 7.54 (dt, J = 7.5, 1.2 Hz, 2H, Hc), 7.46 (dt, J = 7.5, 1.2 Hz, 
2H, Hb), 7.19 (d, J = 1.8 Hz, 2H, =CHN(CH3)), 4.01 (s, 6H, N(CH3)). 13C 
NMR (125.77 MHz, DMSO-d6):  δ (ppm) = 180.75 (NCN), 158.72, 149.20, 
131.99, 127.26, 126.13, 125.09, 122.73, 122.43, 120.00, 39.26 (NCH3). ESI-
MS (in CH3CN: m/z (%)): [M – AgCl2]+ = [Ag(L1)2]+ = 539.0 (100), [L1 + 
H]+ = 216.1 (75). Anal.Calcd. for C22H18N6S2Ag2Cl2: C, 36.84; H, 2.53; N, 
11.72; S, 8.94. Found: C, 37.02; H, 2.84; N, 11.95; S, 8.69.  
 
Complex 2.5: Brown solid (Yield: 0.282 g, 67%). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.16 (d, J = 2.1 Hz, 2H, 
=CHN(benzothiazole)), 7.94 (dd, J = 7.8, 0.9 Hz, 2H, Hd), 7.89 (dd, J = 7.8, 
0.9 Hz, 2H, Ha), 7.56–7.32 (m, 12H), 7.13 (d, J = 2.1 Hz, 2H, =CHN(Bz)), 
5.44 (s, 4H, -CH2Ph). 13C NMR (125.77 MHz, DMSO-d6): δ (ppm) = 180.84 
Ph.D Thesis  Wang Zhe 
62 
 
(NCN), 158.79, 149.21, 137.14, 136.19, 132.03, 128.91, 127.94, 127.54, 
126.21, 124.23, 122.73, 122.49, 120.56, 54.28 (PhCH2N). ESI-MS (in CH3CN: 
m/z): [M – AgCl2]+ = [Ag(L2)2]+ = 691.0 (100), [L2 + H]+ = 292.1 (15). Anal. 
Calcd. for C34H26N6S2Ag2Cl2: C, 46.97; H, 3.01; N, 9.67; S, 7.38. Found: C, 
46.95; H, 3.26; N, 9.56; S, 7.52.  
 
Complex 2.6: Light brown solid (Yield: 0.269 g, 70%). 1H 
NMR (300 MHz, CDCl3): δ (ppm) = 8.18 (d, J = 1.8 Hz, 1H, 
=CHN(benzothiazole)), 7.95 (dd, J = 7.8, 0.9 Hz, 1H, Hd), 7.89 (dd, J = 7.8, 
0.9 Hz, 1H, Ha), 7.54 (dt, J = 7.8, 1.5 Hz, 1H, Hc), 7.46 (dt, J = 7.8, 1.5 Hz, 
1H, Hb), 7.20 (d, J = 1.8 Hz, 1H, =CHN(Allyl)), 6.08–5.95  (m, 1H, -
CH2CH=CH2), 5.47–5.35 (m, 2H, -CH=CH2), 4.89 (d, J = 6 Hz, 2H, -
CH2CH=CH2). 13C NMR (125.77 MHz, DMSO-d6):  δ (ppm) = 180.67 (NCN), 
158.78, 149.19, 133.42, 131.99, 127.28, 126.18, 124.22, 122.72, 122.46, 
120.19, 119.24, 54.10 (-CH2CH=CH2). ESI-MS (in CH3CN: m/z (%)): [M + 
L3 – Cl]+ = [Ag(L3)2]+ = 591.0 (100), [L3 + H]+ = 242.1 (50). Anal. Calcd. for 
C13H11N3SAgCl: C, 40.59; H, 2.88; N, 10.92; S, 8.34. Found: C, 40.13; H, 
3.34; N, 10.73; S, 8.74.  
 
Synthesis of [CpMo(CO)2(NHC)]2[Ag2Br4] Complexes 2.7, 2.8 and 2.9  
The respective silver-NHC complex (2.4, 0.179 g, 0.25 mmol; 2.5, 0.217 g, 
0.25 mmol; 2.6, 0.192 g, 0.5 mmol) and the CpMo(CO)3Br precursor (0.357 g, 
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1.1 mmol) were added to dry toluene (30 mL). The mixture was refluxed for 1 
h with the exclusion of light under N2 protection. The precipitate was collected, 
and was washed with toluene, hexane and diethyl ether. The characterization 
data for complexes 2.7, 2.8 and 2.9 are as follows: 
 
Complex 2.7: Yellowish brown 
solid (Yield: 0.252 g, 72%). 1H NMR(500MHz, DMSO-d6): δ (ppm) =  8.78 
(d, J = 2.0 Hz, 2H, =CHN(benzothiazole)), 8.36 (d, J = 8.0 Hz, 2H, Hd), 8.11 
(d, J = 8.5 Hz, 2H, Ha), 7.97 (d, J = 2.5 Hz, 2H, =CHN(CH3)), 7.75 (dd, J = 
8.0, 7.5 Hz, 2H, Hc), 7.65 (dd, J = 8.0, 7.0 Hz, 2H, Hb), 5.98 (s, 10H, Cp), 
4.05 (s, 6H, N(CH3)). 13C NMR (125.77MHz, DMSO-d6):  δ (ppm) = 247.87 
(Mo-CO), 247.16 (Mo-CO), 198.85 (NCN), 159.07, 148.76, 130.28, 128.58, 
128.31, 126.57, 124.66, 121.07, 119.10, 94.65 (Cp), 37.88 (N(CH3)). IR 
(KBr)/ cm-1: ߥ௦௬௠(CO) = 1963, ߥ௔௦௬௠(CO) = 1889. ESI-MS (in CH3CN: m/z 
(%)): [M – CpMo(CO)2(L1) – Ag2Br4]+ = [CpMo(CO)2(L1)]+ = 433.8 (100), 
[L1 + H]+ = 216.2 (10). Anal. Calcd. for Mo2C36H28N6S2O4Ag2Br4: C, 30.88; 
H, 2.02; N,6.00; S, 4.58. Found: C, 30.66; H, 2.11; N, 6.03; S, 4.62. 
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Complex 2.8: Orange brown 
solid (Yield: 0.322 g, 83%). 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 8.87 
(d, J = 2.0 Hz, 2H, =CHN(benzothiazole)), 8.38 (d, J = 8.0 Hz, 2H, Hd), 8.11 
(d, J = 8.0 Hz, 2H, Ha), 7.80 (d, J = 2.5 Hz, 2H, =CHN(Bz)), 7.76 (dd, J = 8.5, 
7.0 Hz, 2H, Hc), 7.66 (dd, J = 8.5, 7.0 Hz, 2H, Hb), 7.47 (dd, J = 8.0, 7.0 Hz, 
4H), 7.41 (t, J = 7.5 Hz, 2H), 7.34 (d, J = 7.0 Hz, 4H), 5.85 (s, 10H, Cp), 
5.76–5.56 (m, 4H, -CH2Ph). 13C NMR (125.77 MHz, DMSO-d6):  δ (ppm) = 
247.80 (Mo-CO), 247.03 (Mo-CO), 199.83 (NCN), 159.18, 148.73, 135.71, 
130.26, 128.86, 128.32, 128.18, 127.39, 127.35, 126.61, 124.64, 121.03, 
119.97, 94.69 (Cp), 53.75 (PhCH2N). IR (KBr)/ cm-1: ߥ௦௬௠ (CO) = 1973, 
ߥ௔௦௬௠(CO) = 1897. ESI-MS (in CH3CN: m/z (%)):[M – CpMo(CO)2(L2) – 
Ag2Br4]+= [CpMo(CO)2(L2)]+ = 509.8 (100), [M –CpMo(CO)2(L2) – 
Ag2Br4 – 2(CO)]+ = [CpMo(L)]+ = 454.1 (90), [M – CpMo(CO)2(L2) –
Ag2Br4 – CO]+ = [CpMo(CO)(L2)]+ = 481.9 (60). Anal. Calcd. for 
Mo2C48H36N6S2O4Ag2Br4: C, 37.14; H, 2.34; N, 5.41; S, 4.13. Found: C, 37.66; 
H, 2.39; N, 5.56; S, 4.18. 
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Complex 2.9: Reddish brown 
solid (Yield: 0.272 g, 75%). 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 8.86 
(d, J = 2.0 Hz, 2H, =CHN(benzothiazole)), 8.37 (d, J = 8.0 Hz, 2H, Hd), 8.11 
(d, J = 8.0 Hz, 2H, Ha), 7.94 (d, J = 2.0 Hz, 2H, =CHN(Allyl)), 7.75 (dd, J = 
8.5, 7.5 Hz, 2H, Hc), 7.65 (dd, J = 8.0, 7.5 Hz, 2H, Hb), 6.23–6.15 (m, 2H), 
5.94 (s, 10H, Cp), 5.43–5.31 (m, 4H), 5.08–4.98 (m, 4H). 13C NMR 
(125.77MHz, DMSO-d6):  δ (ppm) = 247.82 (Mo-CO), 247.09 (Mo-CO), 
199.20 (NCN), 159.07, 148.71, 132.89, 130.24, 128.30, 127.04, 126.58, 
124.62, 121.02, 119.80, 119.05, 94.68 (Cp), 52.65 (-CH2CH=CH2). IR (KBr)/ 
cm-1: ߥ௦௬௠ (CO) = 1972, ߥ௔௦௬௠ (CO) = 1897. ESI-MS (in CH3CN: m/z 
(%)):[M – CpMo(CO)2(L3) – Ag2Br4]+= [CpMo(CO)2(L3)]+ = 459.8 (100), 
[L3 + H]+ = 242.2 (55). Anal. Calcd. for Mo2C40H32N6S2O4Ag2Br4: C, 33.08; 
H, 2.22; N, 5.79; S, 4.42. Found: C, 33.29; H, 2.26; N, 5.97; S, 4.42. 
 
Synthesis of complexes 2.10, 2.11, 2.12, 2.13 and 2.14.  
AgBF4 (0.0389 g, 0.2 mmol), AgPF6 (0.0506 g, 0.2 mmol) or AgCF3SO3 
(0.0514 g, 0.2 mmol) was added to solution of complex 2.7 (0.14 g, 0.1 mmol), 
2.8 (0.155 g, 0.1 mmol) or 2.9 (0.145 g, 0.1 mmol) in dry CH3CN (20 mL). 
After stirring overnight at r.t., the mixture was filtered through Celite and the 
orange filtrate was vacuum dried. The resulting solid was recrystallized from 
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CH3CN and Et2O twice, yielding orange red crystals. The characterizations for 
complexes are as follows: 
Complex 2.10: Orange red solid (Yield: 0.088 g, 
85%). 1H NMR(500 MHz, DMSO-d6): δ (ppm) =  8.78 (d, J = 2.0 Hz, 1H, 
=CHN(benzothiazole)), 8.36 (d, J = 8.0 Hz, 1H, Hd), 8.11 (d, J = 8.0 Hz, 1H, 
Ha), 7.97 (d, J = 2.5 Hz, 1H, =CHN(CH3)), 7.75 (dd, J = 8.5, 7.0 Hz, 1H, Hc), 
7.65 (dd, J = 8.0, 7.5 Hz, 1H, Hb), 5.98 (s, 5H, Cp), 4.05 (s, 3H, N(CH3)). 13C 
NMR (125.77 MHz, DMSO-d6):  δ (ppm) = 247.76 (Mo-CO), 247.05 (Mo-
CO), 198.86 (NCN), 159.04, 148.75, 130.25, 128.55, 128.30, 126.57, 124.61, 
121.06, 119.06, 94.63 (Cp), 37.85 (N(CH3)). IR (KBr)/ cm-1: ߥ௦௬௠ (CO) = 
1988, ߥ௔௦௬௠ (CO) = 1884. ESI-MS (in CH3CN: m/z (%)): [M – BF4]+ = 
[CpMo(CO)2(L1)]+ = 433.8 (100). Anal. Calcd. for MoC18H14N3SO2BF4: C, 
41.64; H, 2.72; N, 8.09; S, 6.18. Found: C, 41.31; H, 2.70; N, 8.18; S, 6.24. 
Complex 2.11: Orange red solid (Yield: 0.096 g, 
81%). 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 8.84 (d, J = 2.5 Hz, 1H, 
=CHN(benzothiazole)), 8.37 (d, J = 8.5 Hz, 1H, Hd), 8.11 (d, J = 8.0 Hz, 1H, 
Ha), 7.79 (d, J = 2.5 Hz, 1H, =CHN(Bz)), 7.76 (dd, J = 8.5, 7.0 Hz, 1H, Hc), 
7.66 (dd, J = 8.0, 7.5 Hz, 1H, Hb), 7.47 (dd, J = 7.5, 7.0 Hz, 2H), 7.40 (dd, J = 
7.5, 7.0 Hz, 1H), 7.34 (d, J = 7.0 Hz, 2H), 5.85 (s, 5H, Cp), 5.76–5.56 (m, 2H, 
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-CH2Ph). 13C NMR (125.77 MHz, DMSO-d6):  δ (ppm) = 247.47 (Mo-CO), 
246.74 (Mo-CO), 199.71 (NCN), 159.25, 148.75, 135.71, 130.28, 128.90, 
128.36, 128.22, 127.40, 127.40 (overlap), 126.66, 124.63, 121.04, 119.97, 
94.76 (Cp), 53.83 (PhCH2N). IR (KBr)/ cm-1: ߥ௦௬௠(CO) = 1984, ߥ௔௦௬௠(CO) = 
1891. ESI-MS (in CH3CN: m/z (%)): [M – BF4]+= [CpMo(CO)2(L2)]+ = 509.8 
(100). Anal. Calcd. for MoC24H18N3SO2BF4: C, 48.43 ; H, 3.05; N, 7.06 ; S, 
5.39. Found: C, 48.01 ; H, 3.17 ; N, 7.07; S, 5.44. 
 
Complex 2.12: Orange red solid (Yield:  0.103 g, 
79%). 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 8.85 (d, J = 2.0 Hz, 1H, 
=CHN(benzothiazole)), 8.37 (d, J = 7.5 Hz, 1H, Hd), 8.11 (d, J = 8.0 Hz, 1H, 
Ha), 7.79 (d, J = 2.5 Hz, 1H, =CHN(Bz)), 7.76 (dd, J = 8.5, 7.0 Hz, 1H, Hc), 
7.66 (dd, J = 8.0, 7.5 Hz, 1H, Hb), 7.47(dd, J = 7.5, 7.0 Hz, 2H), 7.41 (dd, J = 
7.5, 7.0 Hz, 1H), 7.34 (d, J = 7.5 Hz, 2H), 5.86 (s, 5H, Cp), 5.77–5.56 (m, 2H, 
-CH2Ph). 13C NMR (125.77 MHz, DMSO-d6):  δ (ppm) = 247.60 (Mo-CO), 
246.84 (Mo-CO), 199.78 (NCN), 159.21, 148.74, 135.70, 130.26, 128.87, 
128.33, 128.19, 127.39, 127.38, 126.63, 124.62, 121.03, 119.95, 94.69 (Cp), 
53.77 (PhCH2N). (KBr)/ cm-1: ߥ௦௬௠(CO) = 1987, ߥ௔௦௬௠(CO) = 1881. ESI-MS 
(in CH3CN: m/z (%)): [M – PF6]+ = [CpMo(CO)2(L2)]+ = 509.8 (100). Anal. 
Calcd. for MoC24H18N3SO2PF6: C, 44.12; H, 2.78; N, 6.43 ; S, 4.91. Found: C, 
44.02; H, 2.77 ; N, 6.56; S, 5.05. 
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Complex 2.13: Orange red solid (Yield:  0.108 g, 
82%). 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 8.87 (d, J = 2.5 Hz, 1H, 
=CHN(benzothiazole)), 8.38 (d, J = 8.0 Hz, 1H, Hd), 8.12 (d, J = 8.5 Hz, 1H, 
Ha), 7.80 (d, J = 2.0 Hz, 1H, =CHN(Bz)), 7.78 (dd, J = 8.5, 7.0 Hz, 1H, Hc), 
7.66 (dd, J = 8.0, 7.5 Hz, 1H, Hb), 7.47 (dd, J = 8.0, 7.0 Hz, 2H), 7.41 (dd, J = 
7.5, 7.0 Hz, 1H), 7.35 (d, J = 7.5 Hz, 2H), 5.87 (s, 5H, Cp), 5.77–5.56 (m, 2H, 
-CH2Ph). 13C NMR (125.77 MHz, DMSO-d6):  δ (ppm) = 247.77 (Mo-CO), 
246.99 (Mo-CO), 199.85 (NCN), 159.19, 148.74, 135.72, 130.27, 128.86, 
128.32, 128.18, 127.39, 127.36, 126.61, 124.63, 121.04, 120.65 (q, JC-F = 322 
Hz, CF3SO3), 119.96, 94.69 (Cp), 53.75 (PhCH2N). (KBr)/ cm-1: ߥ௦௬௠(CO) = 
1988, ߥ௔௦௬௠(CO) = 1864. ESI-MS (in CH3CN: m/z (%)): [M – CF3SO3]+ = 
[CpMo(CO)2(L2)]+ = 509.8 (100). Anal. Calcd. for MoC25H18N3S2O5F3: C, 
45.67; H, 2.76; N, 6.39 ; S, 9.75. Found: C, 45.62; H, 2.89; N, 6.49; S, 9.82. 
 
Complex 2.14: Orange red solid (Yield: 0.085 g, 
78%). 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 8.85 (d, J = 2.0 Hz, 1H, 
=CHN(benzothiazole)), 8.36 (d, J = 8.0 Hz, 1H), 8.11 (d, J = 8.0 Hz, 1H), 
7.93 (d, J = 2.5 Hz, 1H, =CHN(Allyl)), 7.77–7.73 (m, 1H), 7.67–7.63 (m, 1H), 
6.23–6.15 (m, 1H), 5.94 (s, 5H, Cp), 5.43–5.31 (m, 2H), 5.08–4.98 (m, 2H). 
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13C NMR (125.77 MHz, DMSO-d6):  δ (ppm) = 247.76 (Mo-CO), 247.05 
(Mo-CO), 199.19 (NCN), 159.11, 148.73, 132.90, 130.26, 128.31, 127.05, 
126.60, 124.62, 121.04, 119.80, 119.04, 94.70 (Cp), 52.65 (-CH2CH=CH2). IR 
(KBr)/ cm-1: ߥ௦௬௠(CO) = 1987, ߥ௔௦௬௠(CO) = 1884. ESI-MS (in CH3CN: m/z 
(%)): [M – BF4]+ = [CpMo(CO)2(L3)]+ = 459.8 (100). Anal. Calcd. for 
MoC20H16N3SO2BF4: C, 44.06; H, 2.96; N, 7.71; S, 5.88. Found: C, 44.04; H, 
2.93; N, 7.78; S, 5.87. 
 
X-ray Crystallography: Diffraction measurements were conducted at 
100(2)–223(2) K on a Bruker AXS APEX CCD diffractometer by using Mo 
Kα radiation (λ = 0.71073 Å). The data were corrected for Lorentz and 
polarization effects with the SMART suite of programs and for absorption 
effects with SADABS.129 Structure solutions and refinements were performed 
by using the programs SHELXS-97130 and SHELXL-97131. The structures 
were solved by direct methods to locate the heavy atoms, followed by 
difference maps for the light non-hydrogen atoms. Anisotropic thermal 
parameters were refined for the rest of the non-hydrogen atoms. Hydrogen 
atoms were placed geometrically and refined isotropically. Crystal data and 
experimental details for the crystals of 2.4‒2.8, 2.10, 2.11 and 2.14 are shown 
in Table 2.1. CCDC reference numbers: 955019(2.4), 955020(2.5), 
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Table 2.1 X-Ray Diffraction Data of complexes 2.4‒2.8, 2.10, 2.11 and 2.14 








FW 717.18 869.37 384.63 700.01 
T / K 100(2) 100(2)  223(2) 223(2) 
Cryst. syst. Triclinic Triclinic Triclinic Monoclinic 
Space group P-1 P-1 P-1 P2(1)/c 
a / Å 6.9801(9) 9.3758(15) 7.1756(7) 9.5115(14) 
b / Å 7.1160(9) 9.5645(15) 9.6293(9) 11.3232(16) 
c / Å 12.9672(16) 10.1551(16) 11.2883(11) 19.407(3) 
α / ° 92.073(2) 107.138(3) 91.786(2) 90 
β / ° 105.116(2) 102.186(3) 105.081(2) 97.164(4) 
γ / ° 107.034(2) 107.444(3) 109.104(2) 90 
V / Å3 590.09(13) 784.1(2) 705.83(12) 2073.9(5) 
Z 1 1 2 4 




2.088 1.590 1.753 5.522 
F(000) 352 432 380 1336 
Reflections 
collected 7596 10251 9166 11639 
Independent 
reflections 
2701 [R(int) = 
0.0288] 
3602 [R(int) = 
0.0222] 
3246 [R(int) = 
0.0294] 
 
3654 [R(int) = 
0.0363] 
 
Data / restraints / 
parameters 2701 / 0 / 155 3602 / 0 / 208 3246 / 0 / 172 3654 / 0 / 254 
GOF 1.221 1.069 1.044 1.083 
Final R indices  
[I > 2σ (I)] 
R1 = 0.0253, 
wR2 = 0.0644 
R1 = 0.0294, 
wR2 = 0.0721 
R1 = 0.0352, 
wR2 = 0.0822 
R1 = 0.0755,  
wR2 = 0.2397 
R indices  
(all data) 
R1 = 0.0270, 
wR2 = 0.0652 
R1 = 0.0303, 
wR2 = 0.0727 
R1 = 0.0411, 
wR2 = 0.0863 
R1 = 0.0929, 
wR2 = 0.2580 
Largest diff. 
peak and hole 
( e.Å-3) 
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FW 776.10 560.19 1191.46 545.17 
T / K 100(2) 100(2) 100(2) 100(2) 
Cryst. syst. Triclinic Monoclinic Triclinic Monoclinic 
Space group P-1 P2(1)/c P-1 P2(1)/c 
a / Å 9.2723(10) 12.6206(7) 13.725(2) 9.0828(12) 
b / Å 11.9265(13) 8.8393(5) 14.292(2) 14.1502(18) 
c / Å 12.6157(14) 20.2483(11) 14.606(2) 16.363(2) 
α / ° 90.535(2) 90 85.882(2) 90 
β / ° 107.422(2) 107.9700(10) 63.821(2) 101.860(3) 
γ / ° 111.7790(10) 90 67.772(2) 90 
V / Å3 1224.6(2) 2148.7(2) 2364.5(6) 2058.1(5) 
Z 2 4 2 4 




4.688 0.769 0.703 0.798 
F(000) 748 1120 1194 1088 
Reflections 
collected 16013 14738 23871 14291 
Independent 
reflections 
5613 [R(int) = 
0.0273] 
4918 [R(int) = 
0.0368] 
10700 [R(int) = 
0.0343] 
4698 [R(int) = 
0.0194] 
Data / restraints 
/ parameters 5613/0/307 4918/48/300 10700/196/695 4698/0/289 
GOF 1.032 1.094 1.066 1.052 
Final R indices  
[I > 2σ (I)] 
R1 = 0.0503, 
wR2 = 0.1536 
R1 = 0.0374, 
wR2 = 0.0897 
R1 = 0.0502,  
wR2 = 0.1351 
R1 = 0.0242,  
wR2 = 0.0638 
R indices  
(all data) 
R1 = 0.0536, 
wR2 = 0.1561 
R1 = 0.0431, 
wR2 = 0.0989 
R1 = 0.0672,  
wR2 = 0.1438 
R1 = 0.0264,  
wR2 = 0.0651 
Largest diff. 
peak and hole 
( e.Å-3) 






































Chapter 3  
Novel Mo(0) and Mo(II) Carbonyl Complexes 
bearing N,C-Chelating Benzothiazole-
Carbene: Synthesis, Structure and 

























Mo(0)NHCs complexes have been known for almost 40 years.44,45 However, 
to our best knowledge, no Mo(0) carbonyl NHCs complexes have been 
reported for their catalytic aciviy in catalysis; in particular, olefin epoxidation. 
In recent years, considerable endeavours have been dedicated to the synthesis 
of η5-cyclopentadienyl (Cp) Mo(II) carbonyl NHC complexes and their 
catalytic study in olefin epoxidation. Such as ansa-bridged complexes Mo-
3071, ((Cpx-NHCMe)Mo(CO)2I, Cpx-NHC, Ansa-bridged Cp-NHC ligands), 
Mo-3179 (CpMo(CO)2X(NHC), NHC = IBz, IMe, InPr, IMes, IMenPr), Mo-
3279,80 ([CpMo(CO)2(NHC)][BF4], NHC = IMes, IBz), Mo-3472 
(CpMo(CO)2Cl(NHC), where NHC = 1,2,3-triazolylidene). Our interest in 
these complexes was triggered on the basis of their high catalytic activities 
arising from Cp-Mo(II) complexes of the type Cp’Mo(CO)3X (X = halide, 
alkyl, ansa-alkyl) towards olefin epoxidation catalysis coupled with 
advancements of NHCs as robust ligands in oxidation catalysis.23,26,27,132 
Seven coordination di-iodo Mo(II) complexes, [Mo(CO)3I2(L)]133-136 (such as 
L = bipy, di-tBu-bipy, pyridine, 4-tert-butylpyridine, TrpH (tryptophan), pheH 
(phenylalanine), Pyca (N-propyl-2-pyridylmethanimine) and 8-aq (8-
aminoqunoline)), are another major type of Mo(II) complexes which were 
prepared from ligand substitution reaction with [Mo(CO)3(CH3CN)3I2]. These 
complexes have been studied as catalysts in olefin epoxidation.133-136 
Surprisingly, no similar types of di-iodo Mo(II) complexes bearing NHC 
ligands have been reported. Driven by the relatively unexplored domain of 
Mo(0)-NHC and the corresponding limited scope of Mo(II)-NHC complexes 
in epoxidation catalysis, as well as our inherent interest in usage of hybrid-
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NHC ligands; in this chapter, we will report the syntheses of novel Mo(0) 
carbonyl and di-iodo Mo(II) carbonyl complexes bearing N,C-Chelating 
benzothiazole-carbene ligands, and their catalytic activity towards olefin 
epoxidation. 
 
3.2 Synthesis of Mo(0)-NHC carbonyl complexes 
Mo(0)-NHC carbonyl complexes, Mo(CO)4(NHC) 3.1–3.3 (NHC = L1 = 1-
(benzothiazolin-2-yl)-3-methylimidazol-2-ylidene, 3.1; NHC = L2 = 1-
(benzothiazolin-2-yl)-3-benzylimidazol-2-ylidene, 3.2; NHC = L3 = 1-
(benzothiazolin-2-yl)-3-allyl-2-ylidene) were obtained in moderate yield 
(53‒62%) from the reaction between Mo(CO)3(CH3CN)3 and Ag(I)-NHC 
complexes 2.4‒2.6 (prepared in situ) via transmetalation route (scheme 3.1). 
Excess amount of Mo(CO)3(CH3CN)3 (ca. 1.3 equivalent to imidazolium salts) 
were used due to the “CO scrambling” to form tetra carbonyl complexes.137 
All the compounds were characterized by IR, NMR spectroscopy (1H, 13C) 
and elemental analysis. In 13C NMR (measured in DMSO-d6), the signals at δ 
204.2 ppm (3.1), 204.2 ppm (3.2) and 204.4 ppm (3.3) is indicative of the Mo–
Ccarbene bond formation. The carbonyls resonated at ca. δ = 223.6, 220.4 and, 
205.3 ppm in each compound. The IR spectra of these complexes 3.1‒3.3 
exhibited three CO stretching bands between 2015 and 2009 cm-1, between 
1934 and 1920 cm-1 and, between 1828 and 1807 cm-1, which are comparable 
to the CO stretching bands of literature known Mo(0) carbonyl complexes 
with dicarbene and mixed NHC and phosphine hybrid ligands, Mo-14–Mo-17, 
Mo-21, Mo-24 and Mo-25  (see Table 1.1 in chapter 1, entries 26‒37, 41, 44, 
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45)46,55,60,61 and our study of complex Mo(CO)4(PyNHC)138,139 (PyNHC = 3-
methyl-1-picolylimidazol-2-ylidene, IR ߥ (CO), 2002, 1868, 1812 cm-1). 
 
Scheme 3.1 Synthesis of Mo(0)-NHC carbonyl complexes 
 
3.3 Synthesis of diiodo Mo(II)-NHC carbonyl complexes 
The initial attempts on the synthesis of Mo(II) complexes 3.4‒3.6, 
[Mo(CO)3I2(NHC)] (NHC = L1, 3.4; NHC = L2, 3.5; NHC = L3, 3.6) were 
based on transmetalation reaction (illustrated in scheme 3.2). However, no 
desired products were isolated. Alternatively, the oxidative addition of Mo(0)-
NHC to Mo(II)-NHC complexes by iodine was achieved. (See scheme 3.3), 
under this condition, complexes 3.4‒3.6 were obtained in moderate yield 
(51‒67%). Similar synthetic route has been reported in the synthesis of 
[MoI2(CO)3(Ms(CH2SCN)3)] ((Ms(CH2SCN)3 = 1,3,5-
tris(thiocyanatomethyl)mesitylene)140. Compounds 3.4‒3.6 were characterized 
by IR, NMR spectroscopy (1H, 13C) and elemental analysis. In 13C NMR 
(measured in CD2Cl2), the signals at δ 196.50 ppm (3.4), 196.39 ppm (3.5) and 
196.20 ppm (3.6) were indicative of the intact Mo–Ccarbene bond. The 
carbonyls resonateed at ca. δ = 245.3, 222.5 and, 217.9 ppm for complexes 3.5 
and 3.6 (measured in CD2Cl2) and δ 210.11, 206.69, 198.24 ppm for complex 
3.4 (measured in (CD3)2CO due to its poor solubility in CD2Cl2) which 
indicated three sets of inequivalent carbonyls coordination. Compared to CO 
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bands of their precursor Mo(0)-NHC complexes 3.1‒3.3, there was blue-shift 
in the IR spectra suggesting the oxidation of Mo(0) to Mo(II) (For complexes 
3.4‒3.6, three CO stretching bands observed between 2034 and 2032 cm-1, 
between 1987 and 1978 cm-1 and, between 1938 and 1915 cm-1). Compared to 
CO bands in the reported neutral and ionic Mo(II)-NHC carbonyl complexes, 
as summarized in chapter 1, table 1.2, Mo centers in 3.4‒3.6 are much more 
electron deficient than those in neutral Mo(II)-NHC carbonyl complexes 
supported by η5-cyclopentadienyl (Mo-28, Mo-30(a-d), Mo-31(a-f), Mo-33 
and Mo-34, two CO stretching bands observed between 1959 and 1930 cm-1, 
and between 1874 and 1832 cm-1) and η3-allyl (Mo-37 and Mo-38, two CO 
bands observed between 1919-1906 cm-1 and between 1829-1811 cm-1), and 
ionic Mo(II)-NHC carbonyl complexes supported by η5-cyclopentadienyl 
(Mo-32(a-b), two CO bands observed between 1972-1953 cm-1 and between 
1879-1870 cm-1), η3-2-methylallyl (Mo-40(a-e), two CO stretching bands 
observed between 1950-1946 cm-1 and between 1866-1865 cm-1) and Mo(II) 
complexes reported in chapter 2 (2.7-2.14, two CO stretching bands observed 
between 1988-1963 cm-1 and between 1897-1864 cm-1). 
 
Scheme 3.2 Unsuccessful synthetic route of Mo(II)-NHC carbonyl complexes 
through transmetalation reaction 
 




Scheme 3.3 Synthesis of Mo(II)-NHC carbonyl complexes through oxidative 
addition. 
 
3.4 Molecular Structure of compounds 3.2 and 3.3 and imidazolium slat 
obtained from decomposition of 3.5 (3.7 ) determined by Single-Crystal X-
ray Diffraction. 
The single crystal of 3.2 was obtained from its acetonitrile solution under          
-20°C. Interstingly, two conformers of 3.3, (3.3A, orange crystal, and 3.3B, 
yellow crastal) attributed to the two different conformation of allyl substituent 
of NHC ligands in solid state, were obtained from the slow evapration of 
mixed dichlomethane, ethyl acetate and hexane solution. As shown in figure 
3.1, 3.3, and 3.5, complexes 3.2 and 3.3 adapted distorted octahedral geometry, 
in which benzothiazole-carbene ligands acted as C,N chelate to molybdenum 
ceter forming a five-member ring with Mo-Ccarbene between 2.209(2) and 
2.212(3) Å and Mo-Nbenzothiazole between 2.291(2) and 2.301(3) Å. The N–Mo–
Ccarbene chelate angle in 3.2, 3.3A and 3.3B is between 72.22(8) and 72.9(1)°, 
which is similar to that of CpMo(II) complexes 2.7, 2.8, 2.10, 2.11, and 2.14. 
Comparing with Mo–Ccarbene bond lengths observed in reported Mo(0) 
carbonyl complexes with di-carbene ligands or mixed NHC and phosphine 
hybrid ligands, Mo-14–Mo-19, and Mo-24 (See table 1.1 in chapter 1, entries 
26‒41, 46, and 47)46,55,60,61 and our published work of Mo(CO)4(PyNHC)139 
(Mo–Ccarbene, 2.239(6) Å), complexes 3.2 and 3.3 gave shorter Mo–Ccarbene 
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bonds (2.209(2)–2.212(3) Å) owing to the stronger chelation effect of the 
hybrid NHC ligand, benzothiazole-carbene, and 3.2 gave the shortest Mo–
Ccarbene in reported Mo(0)-NHC complexes (See table 1.1, in chapter 1). 
 
Intermolecular π…π interactions were observed in 3.2, as illustrated in figure 
3.2, with centroid-centroid distance: 3.761 Å; displacement angle: 20.73°. 
Hydrogen bonding interactions play crucial role in controlling and directing 
the structures of molecular assemblies, which are commonly observed in 
organic, organometallic compounds. In our case, intermolecular weak C-H...O 
hydrogen bonding interactions between carbonyl ligand (as acceptor) and 
neighboring methylene CH2 were observed in solide strutures of conformers of 
3.3A and 3.3B (∠CHO 147.8(2)° (3.3A); 147.2(2)° (3.3B), C⋅⋅⋅O 3.565(3) Å 
(3.3A); 3.458(4) Å (3.3B), H⋅⋅⋅O 2.687(2) Å (3.3A); 2.584(2) Å (3.3B)) or 
CH=CH2 of allyl group (∠CHO 137.1(2)° (3.3A); 167.9(2)° (3.3B), C⋅⋅⋅O 
3.350(3) Å (3.3A),  3.538(4) Å (3.3B)  H⋅⋅⋅O 2.592(2) Å (3.3A); 2.604(2) Å 
(3.3B)), which are within the expected range of intermolecular C-H...O 
hydrogen bonding interactions.141,142 Similar types of hydrogen bonding 
interactions (CO as acceptor) in bridged and terminal in first-row metal 
carbonyl complexes were reported and well reviewed.143-145 For example, 
intermolecular weak hydrogen bonding interactions (CO as acceptor) were 
reported in the solid structure of [(η5-Cp)2Cr2(CO)2]146 (∠CHO 164.0 and 
141.7°; C⋅⋅⋅O 3.55 and 3.40 Å; H⋅⋅⋅O 2.50 and 2.49 Å). 
 




Figure 3.1 ORTEP diagram of molecule 3.2 with 30% thermal ellipsoids. 
Hydrogen atoms are omitted. Selective bond lengths (Å) and angles (°): 
Mo(1)-C(8) 2.212(2); Mo(1)-N(1) 2.299(2);  Mo(1)-C(18) 2.036(2); Mo(1)-




Figure 3.2 Crystal packing diagram of 3.2, showing π…π interactions 
(centroid-centroid distance: 3.761 Å; displacement angle: 20.73°) 
 
 
Figure 3.3 ORTEP diagram of conformer A of 3.3 (3.3A) with 30% thermal 
ellipsoids. Hydrogen atoms are omitted. Selective bond lengths (Å) and angles 
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(°): Mo(1)-C(8) 2.209(2); Mo(1)-N(1) 2.291(2); Mo(1)-C(14) 2.040(3); 






Figure 3.4 A section of the packing diagram of conformer A of 3.3 (3.3A) 
with 30% thermal ellipsoids showing the intermolecular hydrogen bond C-
H…O. see dash line, Å as unite. 
 
 
Figure 3.5 ORTEP diagram of conformer B of 3.3 (3.3B) with 30% thermal 
ellipsoids. Hydrogen atoms are omitted. Mo(1)-C(8) 2.212(3); Mo(1)-N(1) 
2.301(3); Mo(1)-C(14) 2.038(4); Mo(1)-C(15) 2.002(3); Mo(1)-C(16) 
1.941(4); Mo(1)-C(17) 2.054(4); C(8)-Mo(1)-N(1) 72.9(1). 




Figure 3.6 A section of the packing diagram of conformer B of 3.3 (3.3B) 
with 30% thermal ellipsoids showing the intermolecular hydrogen bond C-
H…O, see dash line, Å as unite. 
 
In spite of numerous attempts, no suitable single crystals of complex 3.4‒3.6 
were obtained. The dark brown single crystal of imidazolium salts (see figure 
3.7), 3.7, is the decomposed product obtained from the solution of diethyl 
ether layered dichloromethane solution of 3.5.  
 
Figure 3.7 ORTEP diagram of molecule 3.7 with 30% thermal ellipsoids. 
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3.5 Application of complexes 3.1-3.6 in olefin epoxidation catalysis 
Complexes 3.1‒3.6 were tested as catalysts for cyclooctene epoxidation with 
tert-butyl hydroperoxide (TBHP) as oxidant at 55 °C. The time-dependent 
epoxide yields catalyzed by 3.1‒3.6 are given in figure 3.8, no induction 
period was observed in the course of the catalysis. Mo(II)-NHC complexes 
3.4‒3.6 showed much higher catalytic activity compared to Mo(0)NHC 
complexes 3.1‒3.3. Di-iodo Mo(II) complex 3.5 bearing L2 was most active, 
giving epoxide yield of ca. 92% after 4 h of reaction time and reaching to  100% 
epoxide yield in 6 h reaction time (TOF of 23 h-1, calculated at 4 h), which 
showed much higher catalytic activity in cis-cyclooctene compared to other di-
iodo Mo(II) complexes; [Mo(CO)3I2(TrpH)]135 (epoxide yield, 9% (24 h)), 
[Mo(CO)3I2(pheH)]135 (epoxide yield, 13% (24 h)), [Mo(CO)3I2(Pyca)]133 
(epoxide yield, ca. 46% (4 h) 63% (24 h)) and [Mo(CO)3I2(8-aq)]136 (epoxide 
yield, 55 % (24 h)) using TBHP as oxidant at 55 °C (catalyst: substrate : 
oxidant = 1:100:200) in dichloromethane. The catalytic performance of 
complex 3.5 is comparable to the most active Mo(II)/(VI)-NHC complexes 
under similar reaction conditions viz. Mo-32a 
([CpMo(CO)2(IMes)(CH3CN)][BF4])79 and Mo-32b 
([CpMo(CO)2(IBz)(CH3CN)][BF4])80 (TOF of ca. 21 h-1, calculated at 4 h; See 
chapter 1, table 1.2 entries 13 and 14) and complexes we reported in chapter 2, 
2.10, 2.11 and 2.14 (TOF of 22.5 h-1, calculated at 4 h). In contrast, Mo(0)-
NHC complexes 3.1‒3.3 gave relative lower catalytic activity compared to 
3.4‒3.6 with up to 20 or 35% yield of expoxide in 4 or 6 h, respectively (3.2), 
(TOF of 4.5 h-1 (3.1), 5 h-1 (3.2), and 4.5 h-1 (3.3), calculated at 4 h). However, 
with extended reaction time to 24 h, 3.1‒3.4 can reach up to 90% yields of 
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epoxide. Compared to our published study139 (See figure 3.9), which 
employed other Mo(0)-NHC complexes as catalysts in cis-cyclooctene 
epoxidation, (I-1 and I-2 bearing di-carbene ligands), I-3 and Mo-7c bearing 
mono-carbene ligands, and I-4 and I-5 bearing hybrid-NHC ligands), 3.1‒3.3 
bearing benzothiazole carbene gave much higher epoxide yield in 8 and 24 h 
reaction time except for Mo-7c which was most active during first 8 h reaction 
with 55% epoxide yield. Surprisingly, I-4 bearing PyNHC (3-methyl-1-
picolylimidazol-2-ylidene) forming six-member ring gave much lower 
catalytic activity compared to 3.1‒3.3 bearing more rigid C^N chelate (five-
merber ring) benzothiazole-carbene. The promising catalytic activity of 
present di-iodo Mo(II) and Mo(0) carbonyl complexes in epoxidation could be 
attributed to high stability of catalytic active Mo(VI) species supported by 
NHC ligands, such as benzothiazole-carbene, which has been proved in our 
















Figure 3.8 Time-dependent yields of cyclooctene epoxide using compounds 
3.1‒3.6 as catalysts and using TBHP as oxidant at 55 °C (catalyst: 










Illustration for I-1–I-5 and Mo-7c 
 
Figure 3.9 The yields of the cyclooctene epoxide after 8 h (grey and hatched 
bars) and 24 h (grey bars) of reaction time using 3.1-3.4 and I-1‒I-6 (see 
illustration) as catalysts and using TBHP as oxidant at 55 °C (catalyst: 




We herein reported the synthesis of novel tetra carbonyl Mo(0) and di-iodo 
Mo(II) complexes bearing hybrid NHC ligands, benzothiazole-carbene. The 
present di-iodo Mo(II) complexes were found to be highly active toward cis-
cyclooctene epoxidation in which compound 3.4 gave 100% yield of epoxide 
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complexes may provide a new type of catalytic system towards olefin 
epoxidation catalysis.  
 
3.7 Experimental Sections 
All commercial chemicals were used as purchased. All preparations and 
manipulations were performed using standard Schlenk techniques under a 
nitrogen or argon atmosphere or conducted in glovebox (argon atmosphere). 
Solvents were dried by standard procedures and distilled under nitrogen and 
used immediately. Elemental analyses for C, H, and N were performed on a 
Perkin-Elmer PE 2400 CHNS elemental analyzer and Elementar vario 
MICRO Cube. 1H and 13C NMR were measured at r.t. with Bruker AMX500 
500 MHz FT NMR spectrometers. Infrared spectra were obtained on the 
Varian 3100 FT-IR spectrometer using samples in KBr disc. Catalytic 
reactions were monitored by GC methods on a Shimadzu GC2010 with a J&W 
DB-5 column. 
 
Synthesis of complexes 3.1‒3.3 
The mixture of Ag2O (0.139 g, 0.6 mmol) and respective imidazolium chloride 
salts (2.1, 0.252 g, 1.0 mmol; 2.2, 0.328 g, 1.0 mmol; 2.3, 0.278 g, 1.0 mmol) 
was stirred in dichloromthane (30 mL) at r.t. for 16 h in glovebox (under argon) 
with the exclusion of light. Mo(CO)3(CH3CN)3 (ca. 1.3 molar equiv to 
imidazolium salt) was subsequently added to the reaction solution with the 
exclusion of light. After 24 h stirring at r.t. in glovebox, the reaction mixture 
was filtered through Celite. The filtrate was dried under vacuum and the 
residual was purified by column chromatography using hexane and ethyl 
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acetate as eluents, giving orange to yellow solid as final product. 
Characterizaition data of 3.1‒3.3 are summarized below: 
 
 
Labelling benzothiazolyl moiety for NMR signal assignments 
 
3.1, Yield, 53%. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 
8.41 (d, J = 2 Hz, 1H, =CHN(benzothiazole)), 8.28 (d, J = 7.5 Hz, 1H, Hd), 
8.16 (d, J = 8.5 Hz, 1H, Ha), 7.77-7.73 (m, 2H), 7.58 (dd, J = 8.0, 7.5 Hz, 1H, 
Hb), 3.97 (s, 3H, N(CH3)). 13C NMR (125.77 MHz, DMSO-d6): δ (ppm) = 
223.71(Mo-CO), 220.60(Mo-CO), 205.30(Mo-CO), 204.18(NCN), 161.23, 
148.78, 130.70, 127.91, 126.30, 126.08, 123.80, 120.01, 118.88, 
38.28(N(CH3)). IR (KBr/cm-1) v(CO) 2015, 1934, 1828. Anal. Calcd. For 
C15H9MoN3O4S: C, 42.56; H, 2.14; N, 9.93; S, 7.58; Found: C, 42.32; H, 2.07; 
N, 9.80; S, 7.51. 
 
3.2, Yield, 62%. 1H NMR (500 MHz, DMSO-d6): δ 
(ppm) = 8.45 (d, J = 2 Hz, 1H, =CHN(benzothiazole)), 8.28 (d, J = 8.0 Hz, 1H, 
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Hd), 8.18 (d, J = 8.0 Hz, 1H, Ha), 7.82 (d, J = 2Hz, 1H, =CHN(CH2Ph)), 7.75 
(dd, J = 8.0, 7.5 Hz, 1H, Hc), 7.58 (dd, J = 8.0, 7.5 Hz, 1H, Hb), 7.50 (d, J = 
7.5 Hz, 2H, Ar-H), 7.42-7.33 (m, 3H, Ar-H), 5.55 (s, 2H, PhCH2). 13C NMR 
(125.77 MHz, DMSO-d6): δ (ppm) = 223.62(Mo-CO), 220.29(Mo-CO), 
205.21(Mo-CO), 204.20(NCN), 161.34, 148,78, 136.36, 130.76, 128.69, 
128.07, 127.91, 127.61, 126.11, 125.15, 123.80, 120.93, 119.80, 
54.23(PhCH2). IR (KBr/cm-1) v(CO) 2015, 1923, 1813. Anal. Calcd. For 
C21H13MoN3O4S: C, 50.51; H, 2.62; N, 8.41; S, 6.42; Found: C, 50.26; H, 2.71; 
N, 8.50; S, 6.73. 
 
3.3, Yield, 56%. 1H NMR (500 MHz, DMSO-d6): δ 
(ppm) = 8.44 (d, J = 2 Hz, 1H, =CHN(benzothiazole)), 8.28 (d, J = 7.5 Hz, 1H, 
Hd), 8.16 (d, J = 8.0 Hz, 1H, Ha), 7.77-7.73 (m, 2H), 7.58 (dd, J = 8.0, 7.5 Hz, 
1H), 6.17-6.10 (m, 1H), 5.34-5.22 (m, 2H), 4.95 (d, J = 5.5 Hz, 2H). 13C NMR 
(125.77 MHz, DMSO-d6): δ (ppm) = 223.59(Mo-CO), 220.50(Mo-CO), 
205.24(Mo-CO), 204.42(NCN), 161.23, 148.78, 133.09, 130.74, 127.91, 
126.11, 125.26, 123.81, 120.93, 119.31, 118.05, 53.09. IR (KBr/cm-1) v(CO) 
2009, 1920, 1807. Anal. Calcd. For C17H11MoN3O4S: C, 45.44; H, 2.47; N, 
9.35; S, 7.14; Found: C, 45.33; H, 2.46; N, 9.28; S, 7.08. 
 
Synthesis of complexes 3.4‒3.6 
I2 (1.2 mmol, 0.305 g) was slowly added to the complexes 3.1‒3.3 (3.1, 0.252 
g, 1.0 mmol; 3.2, 0.328 g, 1.0 mmol; 3.3, 0.278 g, 1.0 mmol) in 
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dichloromthane (30 mL) at r.t. in glovebox (under argon). After stirring for 16 
h, the solvent of dark green reaction solution was removed under vacuum and 
the residual was washed with mixed solvents, 1:1, ether and hexane (3×30 mL) 
and and dried under vacuum. The prodcut was obataind as dark green solid. 
Characterizaition data of 3.4‒3.6 are summarized below: 
 
3.4, Yield 51%.  1H NMR (500 MHz, (CD3)2CO): δ (ppm) = 
9.68 (d, J = 8.5 Hz, 1H, Hd), 8.45 (d, J = 2.0 Hz, 1H, =CHN(benzothiazole)), 
8.25 (d, J = 8.0 Hz, 1H, Ha), 7.86 (d, J = 2.0 Hz, 1H, =CHN(CH3)), 7.78 (dd, 
J = 8.0, 7.5 Hz, 1H, Hc), 7.66 (dd, J = 8.0, 7.5 Hz, 1H, Hb), 3.93 (s, 3H, N(C-
H3)). 13C NMR (125.77 MHz, (CD3)2CO): δ (ppm) = 210.11(Mo-CO), 
206.69(Mo-CO), 198.24(Mo-CO), 195.51(NCN), 154.35, 150.22, 131.11, 
129.70, 128.78, 127.98, 126.32, 124.92, 120.09, 38.97(N(CH3)). 1H NMR 
(500 MHz, CD2Cl2): δ (ppm) = 9.65 (d, J = 8.5 Hz, 1H), 7.96 (d, J = 8.0 Hz, 
1H), 7.75 (dd, J = 8.5, 7.5 Hz, 2H), 7.60 (d, J = 8.0, 7.5 Hz, 1H), 7.33 (d, J = 
2.0 Hz, 1H), 3.85 (s, 3H). 13C NMR (125.77MHz, CD2Cl2): δ (ppm) = (CO 
signal missing), 196.50(NCN), 161.98, 149.52, 129.73, 128.76, 128.22, 127.61, 
126.24, 123.24, 118.17, 38.95(N(CH3). IR (KBr/cm-1) v(CO) 2034, 1982, 
1915. Anal. Calcd. For C14H11I2MoN3O3S: C, 25.83; H, 1.70; N, 6.45; S, 4.92; 
Found: C, 23.46; H, 1.44; N, 6.15; S, 4.46. The unsatisfied EA data may be 
attributed to the presence of I2 in the sample. 
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3.5, Yield 67%.  1H NMR (500 MHz, CD2Cl2): δ (ppm) 
= 9.69 (d, J = 8.5 Hz, 1H, Hd), 7.96 (d, J = 8.0 Hz, 1H, Ha), 7.76 (dd, J = 8.0, 
7.5 Hz, 1H, Hc), 7.69 (d, J = 2.0 Hz, 1H, =CHN(benzothiazole)), 7.60 (dd, J = 
8.0, 7.5 Hz, 1H, Hb), 7.56-7.54 (m, 2H), 7.50-7.47 (m, 3H), 6.95 (d, J = 1.5 
Hz, 1H, =CHN(CH2Ph)), 5.27 (s, 2H, PhCH2). 13C NMR (125.77 MHz, 
CD2Cl2): δ (ppm) = 245.35(Mo-CO), 222.55(Mo-CO), 217.95(Mo-CO), 
196.39(NCN), 161.99, 149.56, 132.98, 130.36, 129.87, 129.79, 129.76, 128.74, 
127.61, 126.24, 125.95, 123.29, 118.37, 55.97(PhCH2). IR (KBr/cm-1) v(CO) 
2033, 1978, 1938. Anal. Calcd. For C20H13I2MoN3O3S: C, 33.13; H, 1.81; N, 
5.79; S, 4.42; Found: C, 30.33; H, 1.84; N, 5.59; S, 4.22. The unsatisfied EA 
data may be attributed to the presence of I2 in the sample. 
 
3.6, Yield 58%. 1H NMR (500 MHz, CD2Cl2): δ (ppm) 
= 9.65 (d, J = 8.5 Hz, 1H, Hd), 7.96 (d, J = 8.0 Hz, 1H, Ha), 7.79 (s, 1H), 7.74 
(dd, J = 8.0, 7.5 Hz, 1H, Hc), 7.59 (t, J = 7.5 Hz, 1H), 7.37 (s, J = 1.5 Hz, 1H), 
6.21-6.13 (m, 1H), 5.64 (m, 2H), 4.72 (d, J = 18.0 Hz, 2H). 13C NMR (125.77 
MHz, CD2Cl2): δ (ppm) = 245.01(Mo-CO), 222.42(Mo-CO), 217.93(Mo-CO), 
196.20(NCN), 161.93, 149.41, 129.84, 129.66, 128.63, 127.54, 126.08, 125.99, 
123.33, 123.17, 118.82, 54.76. IR (KBr/cm-1) v(CO) 2032, 1987, 1929. Anal. 
Calcd. For C16H11I2MoN3O3S: C, 28.47; H, 1.64; N, 6.22; S, 4.75; Found: C, 
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25.74; H, 1.63; N, 5.78; S, 4.35. The unsatisfied EA data may be attributed to 
the presence of I2 in the sample.   
 
Catalytic Reactions. Cyclooctene (0.4 g, 3.6 mmol), mesitylene (1 g, internal 
standard) and catalysts (1 mol%, molybdenum based) were added to the 
reaction vessel in air at 55°C. The reaction was initiated by the addition of 
TBHP (5.0-6.0 M in decane) (~7.2 mmol, 1.36 mL). The course of the reaction 
was monitored by quantitative GC analysis. The samples were taken in regular 
time intervals, diluted with CH2Cl2, and treated with a small amount of 
MgSO4 and MnO2 to remove water and to destroy the excess of TBHP. The 
resulting slurry was filtered and the filtrate injected into the GC column. The 
conversion of cyclooctene, and formation of cyclooctene oxide were 
calculated from calibration curves (r2 = 0.999). 
 
X-ray Crystallography: Diffraction measurements were conducted at 
100(2)K on a Bruker AXS APEX CCD diffractometer by using Mo Kα 
radiation (λ = 0.71073 Å). The data were corrected for Lorentz and 
polarization effects with the SMART suite of programs and for absorption 
effects with SADABS.129 Structure solutions and refinements were performed 
by using the programs SHELXS-97130 and SHELXL-97131. The structures 
were solved by direct methods to locate the heavy atoms, followed by 
difference maps for the light non-hydrogen atoms. Anisotropic thermal 
parameters were refined for the rest of the non-hydrogen atoms. Hydrogen 
atoms were placed geometrically and refined isotropically. Crystal data and 
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experimental details for the crystals of 3.2, 3.3A, 3.3B and 3.7 are shown in 
Table 3.1. 
Table 3.1 X-ray Diffraction Data of compounds 3.2, 3.3A, 3.3B and 3.7 







FW 499.34 449.29 449.29 673.07 
T / K 100(2)  100(2)  100(2) 100(2) 
Cryst. syst. Triclinic Triclinic Monoclinic Monoclinic 
Space group P-1 P-1 P2(1)/n Pn 
a / Å 9.3652(14) 9.2357(6) 12.9827(10) 9.1162(6) 
b / Å 9.5035(14) 9.5255(6) 7.2191(6) 11.9720(7) 
c / Å 13.2339(19) 12.1496(8) 18.4007(15) 18.5170(12) 
α / ° 94.024(3) 67.3740(10) 90 90 
β / ° 108.222(3) 70.5270(10) 98.819(2) 97.064(2) 
γ / ° 110.149(3) 68.4480(10) 90 90 
V / Å3 1029.2(3) 894.36(10) 1704.2(2) 2005.6(2) 
Z 2 2 4 4 
Dcalc / g cm-3 1.611 1.668 1.751 2.229 




0.772 0.877 0.921 4.784 
Reflections 
collected 













4719/0/271 4073/0/235 3900/0/235 6365/86/433 




R1 = 0.0286, 
wR2 = 0.0687 
R1 = 0.0290, 
wR2 =0.0826 
R1 = 0.0427, 
wR2 = 0.0883 
R1 = 0.0404,  
wR2 = 0.0844 
R indices (all 
data) 
R1 = 0.0330  
wR2 = 0.0704 
R1 = 0.0308 
wR2 = 0.0838 
R1 = 0.0548, 
wR2 = 0.0937 
R1 = 0.0465,  
wR2 = 0.0879 
Largest diff. 
peak and hole 
(e.Å-3) 





























Chapter 4  
Novel Pt(II) Tri, Di, N-Methylbenzimidazole-
Carbene Complexes: Synthesis, Structure and 



















Pt(II)-NHC complexes have attracted intense research interest for their 
impressive luminescent properties as blue emitters in the recent decade.39 
Suitable hybrid NHC ligands possess favourable donor strength that can raise 
the energy of non-emissive d-d states of Pt resulting in high quantum 
efficiency while also contributing to the large HOMO‒LUMO energy gap that 
allow for blue spectral emission.103,110 Recently, there have been rapid spike of 
interest to introduce hybrid-NHC ligands for Pt(II) complex in 
photoluminscent study (As reviewed in chapter 1). These include NHC based 
C^C cyclometalated ligands98-103, pyridyl functionalized bidentate NHC91, 
C^N^C pincer type pyridyl-NHC104-106, C^C^C pincer type cyclometaled-
NHC107-109 and tetra-dentate bis[phenolate-(NHC)] ligands110. To our best 
knowledge, there was no luminescent study of Pt(II) tricarbene complex nor 
any Pt(II) tricarbene complex has been fully characterized to-date. The closest 
success story was reported in 2009 when Steinborn et al. observed the 
formation of [Pt(IMe)3Me]+ species (IMe = 1,3-dimethylimidazol-2-ylidene) 
with reductive elimination of ethane from reaction of Pt(IV) precursor, 
[PtMe3(OCMe2)3][BF4], with an excess of the imidazolium salt in the presence 
of KOAc in acetone.147 However, the imidazolium salt impurity presents in the 
oily crude ionic product leads to the failure in isolation of the pure 
[Pt(IMe)3Me]+ complex with full characterization data. In this chapter, the 
synthesis and characterization of a series of new hybrid-NHC precursor, N-
methylbenzothiazolyl-imidazolium salts and the novel Pt(II) tri, di, N-
methylbenzimidazole-carbene complexes and their luminescent properties will 
be reported.   
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4.2 Synthesis and characterization of the N-methylbenzimidazole 
functionalized pre-NHC ligands 
Scheme 4.1 describes the synthesis of new functionalized imidazolium salts 
4.1‒4.3 (1-(N-methylbenzimidazol-2-yl)-3-methylimidazolium chloride, 4.1; 
1-(N-methylbenzimidazol-2-yl)-3-benzylimidazolium chloride, 4.2; 1-(N-
methylbenzimidazol-2-yl)-3-allylimidazolium chloride, 4.3). These 
imidazolium salts were prepared using a similar method as described for 
2.1‒2.3 (in chapter 2, benzothiazolyl imidazolium salts) through nucleophilic 
substitution of 2-chloro-1-methylbenzimidazole with substituted imidazoles 
under neat conditions (solvent free) and obtained in 65–75% yields. The 1H 
spectra (measured in DMSO-d6) of 4.1, 4.2 and 4.3 showed less downfield 
resonances of the characteristic NCHN protons at δ 10.06, 10.39 and 10.24 
ppm, respectively, comparing to 2.1 (δ 10.54), 2.2 (δ 10.84), and 2.3 (δ 10.48). 
It can be attributed to less electron withdrawing ability of N-benzimidazolyl 
moiety than benzothiazolyl moiety.  
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4.3 Synthesis and characterization of Pt(II) complex bearing N 
methylbenzimidazole-Carbene ligands. 
Novel Pt(II) tris-carbene complex 4.4 was prepared in high yield (71%) by 
utilizing “in situ deprotonation” method as illustrated in scheme 4.2, in which 
Pt(DMSO)2Cl2, imidazolium salt 4.2 and NaHCO3 were mixed in DMSO 
under thermal condition (molar ratio of Pt(DMSO)2Cl2 : 4.2 = 1: 3.1). There 
was no significant formation of Pt(II) di-carbene complex 4.5 even if the 
above reaction was conducted under the molar ratio of Pt(DMSO)2Cl2: 4.2 = 1 : 
2. Only 20% yield of 4.4 was obtained when NaHCO3 was replaced by 
NaOAc under similar condition. 4.4 was purified by column chromatography 
followed by recrystallization from methanol and diethyl ether. However, the 
above reaction condition (scheme 4.2) was not applicable for the syntheses of 
Pt(II) tricarbene complex using other NHC precursors 4.1 and 4.3, only 
extremely low yield of unpurified crude product could be obtained in spite of 
numerous effort. Therefore, we only focused on 4.2 and the utilization of that 
NHC precursor for Pt(II)-NHC in this work. Pt(II) dicarbene complex 4.5 was 
prepared in moderate yield (48%) from transmetalation reaction, in which 
Pt(cod)Cl2 and corresponding Ag(I)-NHC (formed in-situ) were mixed in 
dichloromethane (scheme 4.3). Complex 4.5 was purified by column 
chromatography followed by recrystallization from dichloromethane and 
diethyl ether. There was no significant formation of Pt(II) tricarbene complex 
4.4 even if the above reaction was conducted under the molar ratio of 
Pt(cod)2Cl2: 4.2 = 1 : 3.1. However, no transmetalation or extreme low yield 
of 4.5 was observed when Pt(cod)Cl2 (See scheme 4.3) was replaced by PtCl2, 
K2PtCl4 or Pt(DMSO)2Cl2. Complexes 4.4‒4.5 were fully characterized by 
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NMR spectroscopy (1H, 13C and 195Pt), ESI-MS, elemental analysis and 
single-crystal X-ray diffraction. The 1H NMR spectra of 4.4 (measured in 
CD3CN) and 4.5 (measured in DMSO-d6) showed two sets of down field 
resonances of the characteristic NCH3 protons (N-methylbenzimidazolyl 
moiety) of L4 at δ 3.81 (3H), and 3.41 (6H) ppm for 4.4; at δ = 4.13 (3H), and 
3.79 (3H) ppm for 4.5, which is indicative of two unequivalent coordination 
environments of L4 ligands in tricarbene complex 4.4 and dicarbene complex 
4.5. This is further supported by ESI-MS spectral analysis (+ve mode) of 
complex 4.4, peaks at m/z = 1095.2 corresponding to [Pt(L4)3Cl]+ and, 
complex 4.5, peaks at m/z = 807.2 corresponding to [Pt(L4)2Cl]+. However, 
the signals of carbenic carbon of complexes 4.4 and 4.5 were not fully 
observed in spite of numerous efforts spent in 13C NMR analysis. The 195Pt 
NMR resonance of 4.4 and 4.5 were observed at δ = -3846.72 and -3694.87 
ppm, respectively. 
 
Scheme 4.2 Synthesis of Pt(II)-NHC complex 4.4. 
 
 




Scheme 4.3 Synthesis of Synthesis of Pt(II)-NHC complex 4.5. 
 
Complex 4.6 was synthesized from salt metathesis reaction of 4.4 with AgBF4 
in high yield (87%) (See scheme 4.4). The characteristic 13C NMR signal of 
carbenic carbon was found at δ = 169.26, 162.78 and 161.59 which is 
indicative of three unequivalent coordination environments of L4 ligands in 
tri-carbene complex 4.6. Compared to 4.4, a more electron rich Pt(II) center 
was observed in 4.6 (195Pt resonance at δ = -4075.72 ppm). These observations 
may suggest that the C, N chelation of one L4 ligand take place in complex 
4.6, which was confirmed by single-crystal X-ray diffraction study (see 
section 4.4).  
 
 
Scheme 4.4 Synthesis of the Pt(II)-NHC complex 4.6. 
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4.4 Molecular structures of 4.4‒4.6 determined by single-crystal X-ray 
diffraction 
The single crystals of 4.4‒4.6 were obtained from slow diffusion method using 
the solvent pair of methanol, dichloromethane or acetonitrile and diethyl ether. 
All Pt(II) complexes 4.4‒4.6 are the ionic complexes with Cl- or BF4- as 
counter ions and adopted the distorted square-planer geometry. In tricarbene 
complex 4.4 (shown in figure 4.1), hybrid NHC ligand L4 acted only as 
monodentate ligand with the N-methylbenzimidazolyl nitrogen atoms 
uncoordinated, in which one carbene ligand was trans to Cl with shorter Pt-
Ccarbene bond (1.983(3) Å) compared to that of the other two carbene ligands in 
trans configuration (2.026(3) and  2.049(3) Å). In dicarbene complex 4.5, one 
L4 played as C, N chelating ligand (Pt-Ccarbene, 1.975(5) Å; Pt(1)-N(3) 2.080(5) 
Å) while the other carbene ligand was trans to the N of C, N chelate with 
longer Pt-Ccarbene bond (1.993(6) Å). The imidazole and the N-
methylbenzimidazolyl heterocycle of C, N chelate was little twisted with 
dihedral angle 4.8(8)° (N(3)-C(11)-(N2)-C(1)) in 4.5. Intermolecular π…π 
stacking between the benzimidazolyl moieties of neighbouring C, N chelates 
(face to face distance of 3.395 Å as depicted in figure 4.3) was observed.148 As 
expected, in tricarbene complex 4.6, Pt center was chelated by one L4 in C, N 
coordination fashion (Pt-Ccarbene: Pt(1)-C(1) 2.033(1), Pt(1)-N(3) 2.066(1)) and 
supported by another two L4 functionalized as monodentate ligands (Pt-
Ccarbene, 1.976(1), 2.014(1) Å). Compared to 4.5, the imidazole and the N-
methylbenzimidazolyl heterocycle of C, N chelate in 4.6 was more twisted 
with dihedral angle 9.6(2)° (N(3)-C(11)-(N2)-C(1), see figure 4.4), which 
could be attributed to more steric coordination environment in 4.6 when Cl 
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was replaced by more bulky L4 carbene ligand. The distance of Pt-Ccarbene 
bond in complexes 4.4‒4.6 and Pt-N bond length in 4.4 and 4.6 are 
comparable to those reported Pt(II) complexes bearing similar C^N NHC 
ligands, such as benzoxazole-carbene114 pyrimidine-carbene149 .   
 
 
Figure 4.1 ORTEP diagram of 4.4 (30% probability ellipsoids). Solvent 
molecules and Hydrogen atoms are omitted. Selective bond lengths (Å) and 
angles (deg): Pt(1)-C(19) 1.983(3), Pt(1)-C(37) 2.026(3), Pt(1)-C(1) 2.049(3), 
Pt(1)-Cl(1) 2.3481(6), C(19)-Pt(1)-C(37) 89.82(10), C(19)-Pt(1)-C(1) 
94.07(10), C(37)-Pt(1)-C(1) 175.03(10), C(19)-Pt(1)-Cl(1) 176.76(7), C(37)-








Figure 4.2 ORTEP diagram of cation moiety of 4.5 (30% probability 
ellipsoids). Solvent molecules and Hydrogen atoms are omitted. Selective 
bond lengths (Å) and angles (deg): Pt(1)-C(1) 1.975(5), Pt(1)-C(19) 1.993(6); 
Pt(1)-N(3) 2.080(5), Pt(1)-Cl(1) 2.338(2), C(1)-Pt(1)-C(19) 100.5(2), C(1)-
Pt(1)-N(3) 79.1(2), C(19)-Pt(1)-N(3) 177.5(2), C(1)-Pt(1)-Cl(1) 173.4(2), 









Figure 4.3 Crystal packing diagram of 3.2, showing π…π interactions (face to 




Figure 4.4 ORTEP diagram of cation moiety of 4.5 (30% probability 
ellipsoids). Solvent molecules and Hydrogen atoms are omitted. Selective 
bond lengths (Å) and angles (deg): Pt(1)-C(19) 1.976(1), Pt(1)-C(37) 2.014(1), 
Pt(1)-C(1) 2.033(1), Pt(1)-N(3) 2.066(1), C(19)-Pt(1)-C(37) 88.73(6), C(19)-
Pt(1)-C(1) 98.27(6), C(37)-Pt(1)-C(1) 170.37(6), C(19)-Pt(1)-N(3)170.04(5), 
C(37)-Pt(1)-N(3) 95.77(5), C(1)-Pt(1)-N(3) 78.39(5). Dihedral angle: N(3)-
C(4)-(N1)-C(1) 9.6(2). 
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4.5 Photophysical study of complexes 4.4‒4.6 
The UV-Vis absorption spectra of 4.4‒4.6 were recorded at r.t. (see figure 4.5, 
4.4 and 4.5 were measured in CH2Cl2; 4.6 was measured in CH3CN). Only 
high energy bands absorptions for all complexes were observed (λ < 325 nm), 
4.4 λmax = 250, 279, 286 nm; 4.5 λmax = 253, 277 nm; 4.6 λmax = 248, 283 nm. 
In order to understand the singlet to singlet transitions involved in these high 
energy absorptions, DFT and TD-DFT study of 4.4‒4.6 were performed (in 
collaboration with Prof. Li Zhenhua from Fudan University). The absorption 
bands observed for complexes 4.4‒4.6 were produced from the overlap of four 
to seven significant singlet to singlet transitions (with Oscillator Strength f ≥ 
0.09) involving many frontier orbitals (see table 4.1 and figure 4.6‒4.8). For 
complex 4.4 and 4.6, the absorption could be mainly attributed by intra-ligand 
1ILCT and metal-perturbed 1LLCT, which may be mainly from L4 centered 
π→π* transitions (See table 4.1 and figure 4.6 and 4.8). For complex 4.5, the 
absorption could be mainly attributed by 1LMCT and intra-ligand 1ILCT and 
metal-perturbed 1LLCT, which may be mainly from the HOMO-7, HOMO-4, 
and HOMO-5 orbitals, the π bonding orbitals of L4 and the lone pair 3p 
orbitals of Cl, to the LUMO, the anti-bonding orbitals admixed by the π* 
orbitals of L4 and the 6p orbitals of Pt (See table 4.1 and figure 4.7). 
 




Figure 4.5 UV-Vis absorption spectra of 4.4‒4.6 at r.t. (4.4 and 4.5 measured 
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Table 4.1 Selected Singlet-Singlet (S0-Sn) excited states with TD-DFT, 
Vertical Excitation Energies (nm), Oscillator Strengths (f ≥ 0.09), orbitals 
involved and contribution in the Transitions for Complex 4.4‒4.6. 
 















n = 2; 247  (f = 0.2260) 
H-6 → L+1 (0.057) 
H-5 → LUMO (0.067) 
H-5 → L+1  (0.094) 
H-3 → LUMO (0.094) 
H-2 → LUMO (0.256)        
H-1 → LUMO (0.061) 
 
n = 5; 243 (f = 0.1094) 
H-1 → L+2 (0.274) 
H-1 → L+3 (0.056) 
H-1 → L+5 (0.053) 
 
n = 13; 227 (f = 0.1521)
H-11 → LUMO (0.074) 
 
n = 15; 222 (f = 0.1128)
H-11 → LUMO (0.111) 
H-9 → LUMO (0.057) 
 
 
n = 1; 283 (f = 0.0981)  
H-2 → LUMO (0.697) 
H-1 → LUMO (0.096) 
 
n = 7; 247 (f = 0.1588) 
H-7 → LUMO (0.071) 
H-4 → LUMO (0.432) 
H-3 → LUMO (0.092) 
 
n = 10; 242 (f = 0.1020)
H-1 → L+1 (0.050) 
H-1 → L+2 (0.287) 
HOMO → LUMO (0.076) 
HOMO → L+2 (0.054) 
HOMO → L+21 (0.070) 
 
n = 14; 227 (f = 0.1041)
H-1 → L+2 (0.064) 
HOMO → L+1 (0.085) 
HOMO → L+2 (0.412) 
HOMO → L+4 (0.060) 
n = 1; 277 (f = 0.1098) 
H-14 → LUMO (0.065) 
H-9 → LUMO (0.662) 
H-4 → LOMO (0.101) 
 
n = 2; 265 (f = 0.1546) 
H-15 → LUMO (0.110) 
H-9 → LUMO (0.156) 
H-1 → LUMO (0.250) 
HOMO→LUMO (0.236) 
 
n = 4; 252 (f = 0.1493) 
H-14 → LUMO (0.090) 
H-9 → LUMO (0.239) 
H-3 → LUMO (0.095) 
HOMO → LUMO (0.150) 
 
n = 7; 245 (f = 0.1099) 
H-2 → LUMO (0.285) 
H-2 → L+1 (0.096) 
 
n = 8; 243 (f = 0.1767) 
H-14 → LUMO (0.082) 
H-13 → LUMO (0.101) 
H-12 → LUMO (0.165) 
H-10 → LUMO (0.136) 
 
n = 10; 241  
(f = 0.0991) 
H-2 →  LUMO (0.279) 
H-1 → LUMO (0.093) 
H-1 → L+1 (0.086) 
H-1 → L+2 (0.071) 
 
n = 14; 232  
(f = 0.0978) 
H-3 → LUMO (0.088) 
HOMO → L+1 (0.182) 
HOMO → L+2 (0.141) 
HOMO → L+3 (0.104) 
HOMO → L+4 (0.103) 
Note: a experimental data were measured in CH2Cl2 (for 4.4 and 4.5) or 
CH3CN (for 4.6) at r.t. 
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Complex 4.6 was weakly emissive in CH3CN at r.t. (figure 4.9 and table 4.1). 
It gave deep blue emission at λmax = 432 nm (life time 0.7 µs), which is among 
the highest emission energy in blue spectral region compared to reported 
luminescent Pt(II)NHC complexes. (See chapter 1, section 1.3). The quantum 
yield (0.005) of 4.6 is comparable with those reported cis NHC Pt acetylide 
complexes, Pt-9 (QY in the range of 0.001 to 0.012).89 The large stock shift 
(excitation at 310 nm, emssion at 432 nm), along with microsecond order of 
decay time of 4.6 could be highly indicative of the triplet state emission.89,90 
Complexes 4.4 and 4.5 were only emissive in solid state. As shown in figure 
4.10, tricarbene complexes 4.4 and 4.6 were much more emissive (in terms of 
intensity) compared to dicarbene complex 4.5 (see figure 4.10). It could be 
attributed to the higher energy of d-d states in 4.4 and 4.6, which may be 
pushed up by coordination of tricarbene.103,110 4.4 and 4.5 gave green-blue 
emission in broad pattern in solid state at r.t. with λmax at 464 and 468 nm, 
respectively. Complex 4.6 exhibited vibronic progression type of emission 
with λmax at 419 and 500 nm. The triplet state emission of all complexes could 
be tentatively assigned to 3MLCT and metal perturbed 3LLCT and 3ILCT.   




Figure 4.9 Emission spectra of complex 4.6 recorded in degassed CH3CN 
solutions at rt. (λex = 310 nm)  
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Table 4.2 Photophysical data for complexes 4.4‒4.6 in degassed CH3CN or 
solid state at r.t. 
 
Complex 
emission (λmax / nm) 
QY (Ф)b,c τb / µs 
solid statea solution
4.4 464 - - - 
4.5 468 - - - 
4.6 419,500 432b 0.005 0.7 
Note a λex = 320 nm. b λex = 310 nm, measured in degassed CH3CN. c quantum 
yield determined with quinine sulphate as standard (Ф = 0.546 in 0.5M 
H2SO4). 
 
4.6 Conclusion  
We herein reported the syntheses and structural study of Pt(II) tricarbene 
complexes; 4.4 and 4.6, and their analogue dicarbene complex 4.5. These 
complexes were supported by a novel N-methylbenzimidazole-carbene ligand 
(L4) functionalized in η1-monocarbene and η2-N, C chelate coordination 
fashion. These complexes exhibited deep blue to green emission in solution or 
solid state. The uncoordinated N-methylbenzimidazolyl moiety of L4 in 
complexes 4.4‒4.6 retains a valuable opportunity to further construct 
heterometallic NHC complexes towards study of its luminescent or catalytic 
properties. 
 
4.7 Experimental Section 
All commercial chemicals were used as purchased. All preparations and 
manipulations were performed using standard Schlenk techniques under a 
nitrogen atmosphere. Solvents were dried by standard procedures and distilled 
under nitrogen and used immediately. N-methylbenzimidazole150 and 
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Pt(cod)Cl2103 was prepared by literature method. Elemental analyses for C, H, 
and N were performed on a Perkin-Elmer PE 2400 CHNS elemental analyzer 
and Elementar vario MICRO Cube. 1H, 13C and 195Pt NMR were measured at 
r.t. with Bruker AMX500 500 MHz FT NMR spectrometers. Na2PtCl6 in D2O 
was used as standard reference for 195Pt NMR. Electrospray ionisation mass 
spectrometric (ESI-MS) analysis was performed on a Finnigan LCQ 
quadrapole ion trap mass spectrometer and Brucker amaZon X ion trap mass 
spectrometer. UV-Vis absorption spectra were recorded on a Shimadzu UV-
1601 spectrophotometer. The emission spectra and decay time measurements 
were recorded and measured on Horiba Jobin-Yvon Fluorolog FL-1057. 
Quantum yield analysis was using comparative method corresponding to 
quinine sulphate as standard (Ф = 0.546 in 0.5M H2SO4). 
 
Calculation details: Density functional theory (DFT) calculations were 
performed using the M06-2x functional.151 The basis sets used are the pseudo 
potential aug-cc-pVDZ-pp basis set for Pt and the 6-31+G(d) basis set for the 
rest of the atoms. Initial geometries taken from X-ray diffractions were fully 
optimized and then single-point time-dependent DFT (TDDFT) calculations 
were performed on the optimized structures. The lowest 20 excitation energy 
levels were calculated. 
 
Synthesis of 1-(N-methylbenzimidazol-2-yl)-3-
methylimidazolium chloride (4.1)  
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1-Methylimidazole (1.232 g, 15 mmol) was added to 2-chloro-1-
methylbenzimidazole (2.5 g, 15 mmol) in a 25 mL schlenk flask, and the 
mixture was stirred and heated to 120 °C under N2 atmosphere for 16 h. The 
product was purified by column chromatography on silica gel using 
dichloromethane and methanol as eluents. Imidozlium salts 4.1‒4.3 were 
obtained as off white powder.  
Yield, 73%. 1H NMR(500 MHz, DMSO-d6): δ (ppm) = 10.06 (s, 1H, NCHN), 
8.38 (dd, J = 2.0, 1.5 Hz, 1H), 8.11 (dd, J = 2.0, 1.5 Hz, 1H), 7.77 (dd, J = 2.5, 
2.0 Hz, 2H), 7.47 (dd, J = 2.5, 2.0 Hz, 1H), 7.39 (dd, J = 2.5, 2.0 Hz, 1H), 4.05 
(s, 3H, N(CH3)), 3.89 (s, 3H, N(CH3)). 13C NMR (125.77 MHz, DMSO-d6): δ 
(ppm) = 140.65, 139.46, 138.42, 135.27, 124.40, 124.09, 123.25, 122.61, 
119.53, 111.26, 36.42(N(CH3)), 30.69(N(CH3)). ESI-MS (in CH3OH: m/z 
(%)): [M – Cl]+ = 213.2 (100). Anal. Calcd. For C12H13ClN4: C, 57.95; H, 5.27; 
N, 22.53; Found: C, 57.83; H, 5.21; N, 22.60. 
 
Synthesis of 1-(N-methybenzimidazol-2-yl)-3-
benzylimidazolium chloride (4.2) 
Compound 4.2 was prepared and purified with a similar method as described 
for compound 4.1. 1-Benzylimidazole (2.373 g, 15 mmol) and 2-chloro-1-
methylbenzimidazole (2.5 g, 15 mmol) were used as starting materials.  
Yield, 75%. 1H NMR(500 MHz, DMSO-d6): δ (ppm) = 10.39 (s, 1H, NCHN), 
8.44 (dd, J = 2.0, 1.5 Hz 1H), 8.22 (s, 1H), 7.80-7.75 (m, 2H), 7.14 (d, J = 7.0 
Hz, 2H), 7.48-7.37 (m, 5H), 5.67 (s, 2H, PhCH2), 3.92 (s, 3H, N(CH3)). 13C 
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NMR (125.77 MHz, DMSO-d6): δ (ppm) = 140.74, 139.46, 138.13, 135.37, 
134.19, 128.97, 128.90, 128.63, 124.15, 123.32, 123.20, 123.15, 119.53, 
111.31, 52.50(PhCH2), 30.87(N(CH3)). ESI-MS (in CH3OH: m/z (%)): [M – 
Cl]+ = 289.1 (100). Anal. Calcd. For C18H17ClN4: C, 66.56; H, 5.28; N, 17.25; 
Found: C, 66.53; H, 5.37; N, 17.03. 
 
Synthesis of 1-(N-methybenzimidazol-2-yl)-3-
allylimidazolium chloride (4.3)  
Compound 4.3 was prepared and purified with a similar method as described 
for compound 4.1. 1-Allylimidazole (1.622 g, 15 mmol) and 2-
chlorobenzothiazole (2.5 g, 15 mmol) were used as starting materials.  
Yield, 65%. 1H NMR(500 MHz, DMSO-d6): δ (ppm) = 10.24 (s, 1H, NCHN), 
8.46 (dd, J = 2.0, 1.5 Hz 1H), 8.16 (t, J = 1.5 Hz, 1H), 7.78 (t, J = 4.5 Hz, 2H), 
7.47 (dd, J = 2.5, 2.0 Hz, 1H), 7.39 (dd, J = 2.5, 2.0 Hz, 1H), 6.22-6.14 (m, 1H, 
(N)CH2CH=CH2)), 5.48-5.44 (m, 2H, (N)CH2CH=CH2), 5.09 (d, J = 6 Hz, 2H, 
((N)CH2CH=CH2)), 3.92 (s, 3H, N(CH3)). 13C NMR (125.77 MHz, DMSO-d6): 
δ (ppm) = 140.69, 139.48, 138.12, 135.33, 131.13, 124.15, 123.30, 123.22, 
123.25, 123.06, 120.97, 119.55((N)CH2CH=CH2), 111.33((N)CH2CH=CH2), 
51.49((N)CH2CH=CH2), 30.82(N(CH3)). ESI-MS (in CH3OH: m/z (%)): [M – 
Cl]+ = 239.2 (100). Anal. Calcd. For C14H15ClN4: C, 61.20; H, 5.50; N, 20.39; 
Found: C, 61.03; H, 5.91; N, 20.15. 
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Synthesis of Pt(II) tricarbene complex (4.4) 
 
Pt(DMSO)2Cl2 (0.106 g, 0.25 mmol), NaHCO3 (0.081 g, 0.968 mmol) and 4.2 
(0.252 g, 0.775 mmol) were dissolved in DMSO (5 mL) and heated to 100 °C 
under nitrogen for 16 h. DMSO was strpped off by vacumm distillation. 10 
mL deioniazed water was added to the resultant slury. The white precipitate 
obtained was filtered and washed with water and diethyl ether. The product 
was further purified by column chromatography on silica gel using acetone 
and methanol as eluents and followed by crystallization in CH2Cl2 and Et2O. 
Yield, 71%. 1H NMR (500 MHz, CD3CN): δ (ppm) = 7.96 (s, 2H), 7.84-6.65 
(m, 34H), 6.50 (d, J = 7.5 Hz, 3H), 3.81 (s, 3H, N(CH3)), 3.41 (s, 6H, N(CH3)). 
13C NMR (125.77 MHz, CD3CN): δ (ppm) = 167.55(NCN), 148.74, 145.73, 
144.98, 141.65, 141.17, 136.21, 136.19, 135.91, 129.37, 129.17, 129.03, 
128.98, 127.81, 126.00, 125.35, 125.03, 124.53, 124.43, 124.39, 124.26, 
124.18, 122.49, 121.09, 120.72, 112.07, 111.81, 54.28(PhCH2), 53.43(PhCH2), 
31.28(N(CH3)), 31.05(N(CH3)) (one carbenic carbon missing). 195Pt NMR 
(107MHz, CD3CN): δ (ppm) = -3846.72. ESI-MS (in CH3OH: m/z (%)): 
1095.2 (100). Anal. Calcd. For C54H48N12Cl2Pt.2MeOH.H2O: C, 55.44; H, 




Ph.D Thesis  Wang Zhe 
118 
 
Synthesis of Pt(II) dicarbene complex (4.5) 
 
The mixture of Ag2O (0.070 g, 0.3 mmol) and imidazolium chloride salts 4.2 
(0.162 g, 0.5 mmol) was stirred in dichloromthane (30 mL) at r.t. for 16 h with 
the exclusion of light. The solution was filtered throuth Celite and Pt(cod)Cl2 
(0.094 g, 0.25 mmol) was subsequently added to the filtrate. After 24 h stirring 
at with the exclusion of light r.t., the reaction mixture was filtered through 
Celite. The filtrate was dried under vacuum and the residual was purified by 
column chromatography using CH2Cl2 and CH3OH as eluents followed by 
crystallization in CH2Cl2 and Et2O, giving off white solid as final product. 
Yield, 48%. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 8.54 (d, J = 8.0 Hz, 
1H), 8.45 (d, J = 2.0 Hz, 1H), 8.16 (d, J = 2.0 Hz, 1H),  7.83-7.68 (m, 4H), 
7.51-7.31 (m, 13H), 7.14 (d, J = 6.5 Hz, 2H), 5.71 (d, J = 14.5 Hz, 1H, 
PhCH2), 5.24 (d, J = 15.5 Hz, 1H, PhCH2), 4.35 (d, J = 15.5 Hz, 1H, PhCH2), 
4.30 (d, J = 14.5 Hz, 1H, PhCH2), 4.13 (s, 3H, N(CH3)), 3.79 (s, 3H, N(CH3)). 
13C NMR (125.77MHz, CD3CN): δ (ppm) = 150.39, 149.85, 149.49, 143.93, 
139.86, 137.43, 134.79, 134.66, 134.65, 134.19, 129.03, 128.78, 128.76, 
128.57, 127.36, 123.86, 122.87, 119.80, 111.67, 111.29, 53.58(PhCH2), 
52.17(PhCH2), 31.70(N(CH3)), 31.40(N(CH3)), (carbenic carbon missing). 
195Pt NMR (107MHz, DMSO-d6): δ (ppm) = -3694.87. ESI-MS (in CH3OH: 
m/z (%)): [M – Cl]+ = [Pt(L4)3Cl]+ = 807.2 (100). Anal. Calcd. For 
C36H32N8Cl2Pt: C, 51.31; H, 3.83; N, 13.30; Found C, 50.86; H, 4.07; N, 13.12. 
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Synthesis of Pt(II) tricarbene complex (4.6) 
 
AgBF4 (0.1167 g, 0.6 mmol) was added to solution of complex 4.4 (0.2262 g, 
0.2 mmol), 2.8 in dry CH3CN (20 mL). After stirring overnight at r.t. in 
glovebox, the mixture was filtered through Celite and the filtrate was vacuum 
dried and washed by 5 mL deionised water and 2mL ethanol and diethyl ether. 
The resulting solid was purified by crystallization from acetonitrile and diethyl 
ether. Product was obtained as pale yellow solid. 
Yield, 87%. 1H NMR (500 MHz, CD3CN): δ (ppm) = 8.17 (s, 1H), 7.81 (s, 
1H), 7.76 (d, J = 8.5 Hz, 1H), 7.70-7.66 (m, 6H), 7.58-7.33 (m, 14H), 7.25 (dd, 
J = 8.0, 7.5 Hz, 4H), 7.09-7.07 (m, 4H), 6.98 (dd, J = 7.5, 7.0 Hz, 1H), 6.92 (d, 
J = 7.5 Hz, 2H), 6.87 (t, J = 7.5 Hz, 2H), 6.80 (s, 1H), 6.42 (d, J = 7.0 Hz, 2H), 
4.24 (s, 3H, N(CH3)), 3.70 (s, 3H, N(CH3)), 3.62 (s, 3H, N(CH3)). 13C NMR 
(125.77 MHz, CD3CN): δ (ppm) = 169.26 (carbenic carbon), 162.78(carbenic 
carbon), 161.59 (carbenic carbon), 151.53, 147.19, 144.34, 140.27, 140.04, 
136.17, 136.10, 135.82, 135.74, 135.11, 133.95, 133.22, 132.26, 130.17, 
130.09, 130.02, 129.92, 129.87, 129.77, 129.68, 129.56, 129.21, 129.11, 
129.02, 126.17, 125.92, 125.50, 125.41, 125.17, 124.69, 124.11, 121.04, 
120.63, 120.45, 120.07, 115.76, 112.93, 112.50, 112.46, 55.27(PhCH2), 
55.03(PhCH2), 53.83(PhCH2), 32.81(NCH3), 31.56(NCH3), 31.44(NCH3). 
195Pt NMR (107MHz, CD3CN): δ (ppm) = -4075.72. ESI-MS (in CH3OH: m/z 
(%)):  [M-2BF4 + 2H2O + CH3OH + OH]+ = 1146.1(100). Anal. Calcd. For 
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C54H48B2F8N12Pt: C, 52.57; H, 3.92; N, 13.62; Found, C, 45.85; H, 3.61; N, 
12.01. Unsatisfied EA may be attributed to the presence of silver salts in the 
sample. 
 
X-ray Crystallography: Diffraction measurements were conducted at 100(2)-
295(2) K on a Bruker AXS APEX CCD diffractometer by using Mo Kα 
radiation (λ = 0.71073 Å). The data were corrected for Lorentz and 
polarization effects with the SMART suite of programs and for absorption 
effects with SADABS.129 Structure solutions and refinements were performed 
by using the programs SHELXS-97130 and SHELXL-97131. The structures 
were solved by direct methods to locate the heavy atoms, followed by 
difference maps for the light non-hydrogen atoms. Anisotropic thermal 
parameters were refined for the rest of the non-hydrogen atoms. Hydrogen 
atoms were placed geometrically and refined isotropically. Crystal data and 
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Table 4.3 X-Ray Diffraction Data of complexes 4.4‒4.6 
Compounds  4.4 4.5 4.6 
Formula C55.75H55.25Cl2N12O2Pt C37H34Cl4N8Pt C56H51B2F8N13Pt 
FW 1191.36 927.61 1274.80 
T / K 100(2)  295(2) 100(2) 
Cryst. syst. Monoclinic Triclinic Triclinic 
Space group P 21/c P-1 P-1 
a / Å 12.6267(4) 12.286(7) 13.5000(8) 
b / Å 14.8977(5) 12.464(7) 13.9004(8) 
c / Å 28.7253(10) 13.571(7) 16.3324(10) 
α / ° 90 73.94(1) 65.0220(17) 
β / ° 99.850(1) 68.38(1) 78.5090(18) 
γ / ° 90 89.96(1) 75.8300(18) 
V / Å3 5323.8(3) 1844.60(17) 2677.6(3) 
Z 4 2 2 
Dcalc / g cm-3 1.486 1.670 1.581 




2.790 4.133 2.701 
Reflections 
collected 
42829 21552 129719 
Independent 
reflections 
12225 [R(int) = 
0.0340] 
8394 [R(int) = 
0.0506] 




12225 / 0 / 670 8394 / 0 / 463 12302 / 0 / 725 




R1 = 0.0282, 
wR2 = 0.0550 
R1 = 0.0418, 
wR2 =0.1033 
R1 = 0.0150,  
wR2 = 0.0376 
R indices (all 
data) 
R1 = 0.0437  
wR2 = 0.0588 
R1 = 0.0614 
wR2 = 0.1115 
R1 = 0.0160,  
wR2 = 0.0380 
Largest diff. 
peak and hole 
(e.Å-3) 






























Chapter 5  
Facile Formation & Redox of Benzoxazole-2-
thiolate-Bridged Dinuclear Pt(II/III) 
Complexes 
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5.1 Serendipitous formation of Dinuclear Pt(II) complexes from Pt(II)-NHC 
complex preparation 
The initial attempt to synthesize [Pt(ppy)(L1)Cl], A (L1 = 1-(benzothiazolin-
2-yl)-3-methylimidazol-2-ylidene; ppy = 2-phenylpyridine), using external 
base NaOAc under reflux in CH3CN is shown in Scheme 5.1. Interestingly, 
dinuclear complex B was unexpectedly isolated from the reaction designed for 
preparation of A. The molecular structure of B was determined by single 
crystal X-ray diffraction (see Figure 5.1). However, the preparation of B 
reaction was irreproducible under conditions above in spite of numerous 
attempts. The protonated form of bridging ligand in B, 2-aminobenzothiazole 
could be attributed to the decomposition of free carbene ligand L1. Inspired by 
the serendipitous formation of B, we explored the synthesis of the similar type 
of dinuclear Pt(II) complexes supported by other bridging ligand, such as 
benzoxazole-2-thiolate. The photoluminescent properties of these complexes 
have been investigated. 
 
 
Scheme 5.1 Serendipitous formation of Dinuclear Pt(II) complexes from 
Pt(II)-NHC complex preparation reaction 
 




Figure 5.1 ORTEP diagrams of complex B (30% probability ellipsoids). 
Selective bond lengths (Å) and angles (deg): Pt(1)-C(15) 1.981(6), Pt(1)-N(5) 
2.022(5), Pt(1)-N(1) 2.037(4),  Pt(1)-N(4) 2.115(5), Pt(1)...Pt(2) 2.9390(3), 
Pt(2)-C(26) 1.988(6), Pt(2)-N(6) 2.025(5), Pt(2)-N(3) 2.045(5), Pt(2)-N(2) 
2.137(5), C(15)-Pt(1)-N(5) 81.2(2), C(15)-Pt(1)-N(1) 94.5(2), N(5)-Pt(1)-N(1) 
175.7(2), C(15)-Pt(1)-N(4) 175.9(2), N(5)-Pt(1)-N(4) 95.29(19), N(1)-Pt(1)-
N(4) 89.00(19), C(26)-Pt(2)-N(6) 81.5(2), C(26)-Pt(2)-N(3) 95.3(2), N(6)-
Pt(2)-N(3) 175.9(2), C(26)-Pt(2)-N(2) 174.8(2), N(6)-Pt(2)-N(2) 93.8(2), 
N(3)-Pt(2)-N(2) 89.3(2). 
 
5.2 Introduction of Dinuclear Pt(II) complexes 
Dinuclear Pt(II) complexes have attracted much research interest in their 
structural152-154 and photoluminescent properties.155-162 Many of their potential 
applications, such as detection of VOCs163,164 (volatile organic compounds) 
and light emitting diodes (LEDs)165-167 are traced to the MMLCT (metal-metal 
to ligand charge transfer) transition as the notable excited state in which the 
emission energy shows a strong dependence on the inter or intra-molecular 
Pt…Pt interactions.168 For example, the VOC vapor induced luminescent 
change in syn-[Pt(bpy)(µ-pyt-κN,S)]2[PF6]2 (bpy = 2,2’-bipyridine, pyt = 
pyridine-2-thiolate) was attributed to the change of intermolecular Pt…Pt 
interaction between solvated and desolvated complexes.169 Recently, 
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analogous dinuclear Pt(II)-thiolate diimines have also been reported to show 
correlation between intermolecular Pt…Pt interaction and luminescent 
behavior.170 Steric control of intramolecular Pt…Pt interaction has been 
achieved in a series of cyclometallated pyrazole-bridged dinuclear Pt(II) 
complexes168, and their application as phosphorescent emitters in organic 
LEDs has been reported.165 Dinuclear Pt(II) complexes can undergo two-
electron two-center oxidative addition to give Pt(III)-Pt(III) 
complexes.152,162,171-177 The luminescence properties of some of the d7-d7 
complexes have been explored.171,175,178 Sicilia et al. reported a Pt(II) dinuclear 
complex, [Pt2(bzq)2(µ-NSS-κN,S)2] (bzq = benzo[h]quinoline, NSS = 
benzothiazole-2-thiolate) and the corresponding Pt(III) dinulear complexes 
[Pt2(bzq)2(µ-NSS-κN,S)2X2] (X= Cl, Br, I).179 The Pt(II) complex showed 
notable luminescence quantum yield with red emission.179  
 
As part of our continual interest in dinuclear Pt(II) chemistry180-182, 
luminescent metal complexes,86,183,184 and serendipitous reaction described in 
section 5.1, in this chapter, an one-pot synthesis of new dinuclear Pt(II) and 
Pt(III) complexes, [Pt2(ppy)2(µ-NOS-κN,S)2] (5.1), [Pt2(bzq)2(µ-NOS-κN,S)2] 
(5.2), [Pt2(ppy)2(µ-NOS-κN,S)2(NOS-κS)2] (5.3) and [Pt2(bzq)2(µ-NOS-
κN,S)2(NOS-κS)2] (5.4). (ppy= 2-phenylpyridine, bzq = benzo[h]quinoline, 
NOS = benzoxazole-2-thiolate) from [Pt(L)(µ-Cl)]2  (L = ppy, bzq) and 2-
mercaptobenzoxazole (NOSH) in the presence of NaOAc and their 
photoluminescent and electrochemical properties will be reported in the 
following sections.  
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5.3 Synthesis and Characterization of Complexes 5.1‒5.4 
Dinuclear Pt(II) complexes [Pt2L2(µ-NOS-κN,S)2] (5.1 and 5.2) and Pt(III) 
complexes [Pt2L2(µ-NOS-κN,S)2(NOS-κS)2] (5.3 and 5.4) (L = ppy, 5.1 and 
5.3; L = bzq, 5.2 and 5.4) were obtained by one-pot reaction between [Pt(L)(µ-
Cl)]2 and NOSH in a ratio of 1 : 4.2 in THF at room temperature in the 
presence of NaOAc (see Scheme 5.2). The Pt(II) and Pt(III) complexes were 
separated by column chromatography. Complexes 5.1 and 5.2 were obtained 
as orange powder in yield of 35% and 32%, and 5.3 and 5.4 as red powder in 
yield of 23% and 17%, respectively. The 1H, 13C and 195Pt NMR signals of 
5.1‒5.4 correspond to the half of the molecules indicating all complexes were 
present as symmetric isomer (vide infra). The 195Pt NMR resonance both for 
5.1 (δ = -3729 ppm) and 5.2 (δ = -3730 ppm) showed significantly downfield 
shift when Pt(II) centers were oxidized to Pt(III) centers (for 5.3, δ = -2542 
ppm and for 5.4, δ = -2548 ppm).  
 
 
Scheme 5.2 Synthesis of complexes 5.1–5.4 
 
As shown in scheme 5.3, complexes 5.3 and 5.4 also can be prepared through 
oxidative addition of 2.2 equivalents of NOSH in the presence of NaOAc at r.t 
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in THF. The oxidation reaction is reversible and in the presence of NaBH4, 5.3 




Scheme 5.3 Interconversion of Pt(II) & (III) complexes 
 
5.4 Molecular structures of 5.1‒5.4 determined by single-crystal X-ray 
diffraction. 
Single-crystal X-ray crystallography analysis of 5.1 and 5.2 confirmed the 
formation of dinuclear complexes. Both Pt(II) centers adopted a square-planar 
geometry with two ppy or bzq ligands as chelating ligand and the two NOS 
ligands doubly bridging two metals in a head to tail fashion (anti isomer) (see 
Figure 5.2 and 5.3). The high trans-influence of cyclometallated carbon led to 
the longer Pt-N(N,S) distances than the Pt-N(CN) ones in both 5.1 and 5.2, similar 
observation has been reported in other complexes with anti-
configuration.174,179,185 The intramolecular Pt…Pt separations are 3.0204(3) and 
2.9726(8) Å for 5.1 and 5.2, respectively, which are similar to those non-
bonding distance observed in other Pt(II)-Pt(II) complexes with two doubly 
bridged ligands,160,162,169,170,186-188 such as 3.003(4) Å in syn-[Pt2(d-t-bpy)2(µ-
NOS-κN,S)2][ClO4]2 (d-t-bpy = 4,4’-di-tert-butyl-2,2’-bipyridine)170 and 
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2.997(1) Å in anti-[Pt2(bpy)2(µ-pyt-κN,S)2][PF6]2 (bpy = 2,2’-bipyridine, pyt 
= pyridine-2-thiolate).169 In 5.2, two bzq ligands are almost parallel to each 
other with dihedral angle of 6.81° (but not eclipsed) and interplanar space of 
3.738 Å (defined as centroid to centroid distance of two bzq ligands), which 
are indicative of significant π-π interaction. However, in 5.1, no π-π 
interaction was observed between two ppy ligands. This interaction could be 
attributed to the smaller Pt…Pt separation in 5.2 comparing with 5.1. It is 
interesting to note that despite of the similar structure, complex 5.2 showed 
significant larger Pt…Pt separation than that in [Pt2(bzq)2(µ-NSS-κN,S)2]179 
(Pt…Pt separation = 2.9101(8) Å). In both complexes, the Pt-N and Pt-S 
distances are very similar. The bite distances (the distance between the two 
donor atoms within a ligand; in this case, it is corresponding to the N, S 
distance) of NOS and NSS ligands are from 2.73 to 2.76 Å and 2.73‒2.74 Å, 
respectively. The average N-Pt-Pt-S torsion angle in 2 (16.3°) is slightly 
smaller than that in [Pt2(bzq)2(µ-NSS-κN,S)2] (17.8°).179 
 
The X-ray structures of 5.3 and 5.4 revealed that NOS thiolate ligand acted as 
both bridging and terminal ligands (see Figure 5.4 and 5.5). The similar 
coordination mode was only found in [Pt2(ppy)2(µ-pyt-κN,S)(pyt-κS)2].174 
Upon entry of two NOS thiolate ligands at the axial ends of the dinuclear 
complexes (Pt-S 2.437(3)‒2.484(1) Å), the resultant 5.3 and 5.4 have formally 
Pt(III) centers with a distorted octahedral local geometry for each metal center. 
The most significant change is the Pt-Pt distances, which are reduced by ca. 
10% to 2.685(1) Å and 2.6923(3) Å for 5.3 and 5.4 respectively due to the 
existence of the Pt-Pt bond171. These distances are similar to or slightly longer 
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than those in the other related PtIII-PtIII complexes.162,174-177,179 Again, 
comparing 5.4 with [Pt2(bzq)2(µ-NSS-κN,S)2X2] (Pt-Pt = 2.6420(3) Å for X = 
Cl, 2.6435(4) Å for X = Br and 2.6690(4) Å for X = I)179, the difference in the 
Pt-Pt distances could be attributed to the stronger trans influence of the axial 
thiolate ligand, as was previously observed in [Pt2(ppy)2(µ-pyt-κN,S)2(pyt-
κS)2] and [Pt2(ppy)2(µ-pyt-κN,S)2Cl2].174,185  
 
When single crystal of 5.4 was grown in chloroform, two axial NOS ligand 
were disordered. It could be due to the partial replacement by Cl- from CHCl3 
as evidenced in single-crystal diffraction study of 5.5 (see figure 5.6), where 
the CHCl3 is needed for space filling purpose. Free variable refinement 
indicated about 22% being replaced. This may suggest that ligand 
displacement could take place when other donor ligands are present in the 
system.  
 
The dihedral angle of cyclometalating ligands, ppy in complexes 5.1 and 5.3 
are 26.94° and 14.39°, respectively. From 5.2 to 5.4, π - π separation of 
cyclometalating ligands (centroid to centroid distance) significantly decreased 
from 3.738 to 3.444 Å and the dihedral angle of two cyclomatalating ligands, 
bzq changed from 6.81° to 5.89°, indicating an enhanced π - π interaction of 
cyclometalating ligands in 5.4. 
 




Figure 5.2 ORTEP diagrams of complex 5.1 (30% probability ellipsoids). 
Solvent molecules and Hydrogen atoms are omitted.  
 
 
Figure 5.3 ORTEP diagrams of complex 5.2 (30% probability ellipsoids). 
Solvent molecules and Hydrogen atoms are omitted.  
 




Figure 5.4 ORTEP diagrams of complex 5.3 (30% probability ellipsoids). 
Hydrogen atoms are omitted.  
 
 
Figure 5.5 ORTEP diagrams of complex 5.4 (30% probability ellipsoids). 
Hydrogen atoms are omitted.  
 




Figure 5.6 ORTEP diagrams of complex 5.5 (30% probability ellipsoids). 
Hydrogen atoms are omitted.  
 
Table 5.1 Selected bond lengths, distances (Å) and angles (°) for 5.1–5.5 
5.1 Pt(1)…Pt(2) 3.0204(3) Pt(1)-C(25) 1.988(3) 
 Pt(1)-N(1) 2.129(3) Pt(1)-N(3) 2.043(3) 
 Pt(1)-S(2) 2.2949(8) Pt(2)-C(36) 1.985(3) 
 Pt(2)-N(2) 2.126(3) Pt(2)-N(4) 2.043(3) 
 Pt(2)-S(1) 2.2933(8) C(25)-Pt(1)-N(3) 81.1(1) 
 C(25)-Pt(1)-N(1) 172.5(1) N(3)-Pt(1)-N(1) 93.8(1) 
 C(25)-Pt(1)-S(2) 94.59(9) N(3)-Pt(1)-S(2) 172.59(7) 
 N(1)-Pt(1)-S(2) 89.97(7) C(36)-Pt(2)-N(4) 81.0(1) 
 C(36)-Pt(2)-N(2) 176.5(1) N(4)-Pt(2)-N(2) 96.4(1) 
 C(36)-Pt(2)-S(1) 95.0(1) N(4)-Pt(2)-S(1) 175.05(8) 
 N(2)-Pt(2)-S(1) 87.60(7)   
5.2 Pt(1)…Pt(2) 2.9726(8) Pt(1)-C(15) 2.010(7) 
 Pt(1)-N(3) 2.073(7) Pt(1)-N(1) 2.149(6) 
 Pt(1)-S(2) 2.297(2) Pt(2)-C(28) 2.000(8) 
 Pt(2)-N(4) 2.056(7) Pt(2)-N(2) 2.126(6) 
 Pt(2)-S(1) 2.299(2) C(15)-Pt(1)-N(3) 81.3(3) 
 C(15)-Pt(1)-N(1) 175.1(3) N(3)-Pt(1)-N(1) 94.4(3) 
 C(15)-Pt(1)-S(2) 94.3(3) N(3)-Pt(1)-S(2) 173.7(1) 
 N(1)-Pt(1)-S(2) 90.1(1) C(15)-Pt(1)-Pt(2) 96.2(2) 
 C(28)-Pt(2)-N(4) 82.2(3) C(28)-Pt(2)-N(2) 175.8(3) 
 N(4)-Pt(2)-N(2) 94.2(2) C(28)-Pt(2)-S(1) 95.3(2) 
 N(4)-Pt(2)-S(1) 173.8(1) N(2)-Pt(2)-S(1) 88.5(1) 
5.3 Pt(1)-Pt(1A)  2.685(1) Pt(1)-C(15)  2.011(8) 
 Pt(1)-N(3)  2.087(7) Pt(1A)-N(1)  2.151(7) 
 Pt(1)-S(1)  2.351(2) Pt(1)-S(2)  2.437(3) 
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 C(15)-Pt(1)-N(3)  80.4(3) C(15)-Pt(1)-N(1A) 175.6(3) 
 N(3)-Pt(1)-N(1A) 95.6(3) C(15)-Pt(1)-S(1)  97.4(3) 
 N(3)-Pt(1)-S(1)  176.9(1) N(1A)-Pt(1)-S(1)  86.7(1) 
 C(15)-Pt(1)-S(2)  83.1(3) N(3)-Pt(1)-S(2)  88.1(1) 
 N(1A)-Pt(1)-S(2)  98.7(1) S(1)-Pt(1)-S(2)  89.43(9) 
5.4 Pt(1)-Pt(2)  2.6923(3) Pt(1)-C(39)  2.011(5) 
 Pt(1)-N(5)  2.065(5) Pt(1)-N(1)  2.150(5) 
 Pt(1)-S(2)  2.304(1) Pt(1)-S(3)  2.484(1) 
 Pt(2)-C(52)  2.015(6) Pt(2)-N(6)  2.059(5) 
 Pt(2)-N(2)  2.160(5) Pt(2)-S(1)  2.309(1) 
 Pt(2)-S(4)  2.466(1) C(39)-Pt(1)-N(5)  81.7(2) 
 C(39)-Pt(1)-N(1)  176.2(2) N(5)-Pt(1)-N(1)  94.8(1) 
 C(39)-Pt(1)-S(2)  95.1(1) N(5)-Pt(1)-S(2)  175.4(1) 
 N(1)-Pt(1)-S(2)  88.5(1) C(39)-Pt(1)-S(3)  90.8(1) 
 N(5)-Pt(1)-S(3)  91.4(1) N(1)-Pt(1)-S(3)  90.6(1) 
 S(2)-Pt(1)-S(3)  85.31(5) C(52)-Pt(2)-N(6)  82.2(2) 
 C(52)-Pt(2)-N(2)  177.7(2) N(6)-Pt(2)-N(2)  95.7(1) 
 C(52)-Pt(2)-S(1)  93.5(1) N(6)-Pt(2)-S(1)  174.0(1) 
 N(2)-Pt(2)-S(1)  88.7(1) C(52)-Pt(2)-S(4)  91.1(1) 
 N(6)-Pt(2)-S(4)  89.0(1) N(2)-Pt(2)-S(4)  89.8(1) 
 S(1)-Pt(2)-S(4)  86.83(5)   
5.5 Pt(1)- Cl(1S)  2.37(3) Pt(2)-Cl(2S)  2.35(1) 
 Pt(1)-S(3)  2.477(8) Pt(2)-S(4)  2.509(5) 
 Pt(1)-C(39)  1.999(6) Pt(1)-N(5)  2.069(4) 
 Pt(1)-N(1)  2.157(5) Pt(1)-S(2)  2.298(1) 
 Pt(1)-Pt(2)  2.6828(3) Pt(2)-C(52)  2.013(5) 
 Pt(2)-N(6)  2.058(5) Pt(2)-N(2)  2.162(4) 
 Pt(2)-S(1)  2.310(1) C(39)-Pt(1)-N(5)  82.0(2) 
 C(39)-Pt(1)-N(1)  176.4(2) N(5)-Pt(1)-N(1)  94.4(2) 
 C(39)-Pt(1)-S(2)  93.2(2) N(5)-Pt(1)-S(2)  173.4(1) 
 N(1)-Pt(1)-S(2)  90.5(1) C(52)-Pt(2)-N(6)  82.1(2) 
 C(52)-Pt(2)-N(2)  177.3(2) N(6)-Pt(2)-N(2)  95.3(2) 
 C(52)-Pt(2)-S(1)  94.7(2) N(6)-Pt(2)-S(1)  175.3(1) 
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5.5 DFT Calculations on complex 5.1 and 5.3. 
To gain a deeper understanding on the Pt-Pt interaction in the dinuclear Pt(II) 
and Pt(III) systems and their reactivities, the density function theory (DFT) 
analysis was performed using 5.1 and 5.3 as model (in collaboration with Prof. 
Liu Zhipan from Fudan University). The DFT optimized structures had good 
agreement with the X-ray structures. There is no Pt-Pt bond formation in 5.1 
as expected since HOMO is the antibonding orbital between two Pt dz2 
orbitals. (Figure 5.7(a)) Adding electron to 5.1 did not induce any obvious 
structural change, because it went to the ring of the cyclometalating ligand. 
Therefore, the reduction is ligand- rather than metal-based for 5.1. Mulliken 
charge analysis suggested Pt-Pt bonding interaction with overlap integral of 
0.117 in 5.3. LUMO of 5.3 is the antibonding orbital between Pt centers and 
the axial NOS ligand (Figure 5.7(b)). Adding electron to this orbital did not 
weaken both Pt-Pt bond and Pt-S bonds. LUMO+1 of complex 5.3 is the 
antibonding orbital on the phenylpyridine ligand, which is very similar to the 
LUMO of 5.1(Figure 5.7(b)). The reduction product of 5.3 is hence 
structurally similar to 5.1 as experimentally evidenced in the reduction of 
Pt(III) to Pt(II) by NaBH4 (vide supra and see scheme 5.3). However, complex 
5.3 is theoretically hard to be oxidized since electron cannot be easilly 
removed from the terminal thiolate ligand ring (Figure 5.8(c)). 
 




                                    (a)                                                       (b) 






(b)                                                 (c) 
 
Figure 5.8 (a) HOMO, (b) LUMO and (c) LUMO+1of 5.3 
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5.6 Photophysical studies 
UV-Vis absorption spectra of complex 5.1–5.4 were recorded in degassed 
CH2Cl2 at r.t (see Figure 5.9). The high energy absorption bands with intense 
absorptions of 5.1–5.4 at λ < 325 nm are typically ligand centered π-π* 
transitions.162,179 The less intense, low energy bands of 5.1 and 5.2 between 
350 and 500 nm can be assigned to MLCT and MMLCT.162,179 For 5.3 and 
5.4, the low-energy absorption bands were observed in the region 325-550 nm 
and may be originated from an admixture of axial ligand-to-metal-metal 
charge transfer (XMMCT) transition and MC [dσ-dσ*] transitions.175  
 
Complex 5.1 and 5.2 exhibited intense orange-red luminescence at 625 and 
631 nm, respectively in CH2Cl2 at r.t. as shown in Figure 5.9, which can be 
assigned to 3MMLCT.162,179,185 The slightly red shifted emission of 5.2 is 
attributed to the lower lying π* orbital of bzq ligand comparing with ppy 
ligand.189 In general, 5.1 and 5.2 gave blue shifted emissions compared to the 
reported dinuclear Pt(II) complex, [Pt2(ppy)2(µ-pyt-κN,S)2] (λem = 648 nm in 
EtOH/MeOH (4/1 v/v))185 and [Pt2(bzq)2((µ-NSS-κN,S)2] (λem = 665 nm in 
CH2Cl2).179 The slightly longer intramolecular Pt(II)–Pt(II) separations in 
complexes 5.1 and 5.2 may be responsible for blue shifted emission due to the 
increased transition energy between  dσ* to ligand based π* oribital.168 Table 
5.2 lists the photophysical data of 5.1 and 5.2. Complexes 5.1 and 5.2 gave 
higher quantum yield and longer lifetimes compared to ([Pt2(ppy)2(µ-pyt-
κN,S)2] (Ф = 0.005; τ = 94 ns)185, however, lower than [Pt2(bzq)2(µ-NSS-
κN,S)2] which gave notable quantum yield in solution (λem = 677 nm in 
toluene, Ф = 0.44; λem = 665 nm in CH2Cl2, Ф = 0.19) and solid state ( λem = 
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648nm, Ф = 0.62).179 Complex 5.3 and 5.4 were non-emissive in CH2Cl2 at r.t. 




Figure 5.9 UV-Vis absorption spectra of complex 5.1‒5.4 recorded in 
degassed CH2Cl2 at r.t. 
 
 
Figure 5.10 Normalized luminescence spectra of complex 5.1 and 5.2 


















































Table 5.2 Photophysical data for complexes 5.1 and 5.2 in degassed CH2Cl2 at 
r.t.  
Complex PL (λmax / nm)a Quantum yield (Ф)b τc / ns 
1 625 0.0108 136 
2 631 0.0095 153 
a λex = 462 nm; b With respect to Rhodamin 6G (Ф = 0.95 in ethanol); c λex = 
405 nm 
 
5.7 Electrochemical studies 
The electrochemical properties of 5.1‒5.4 have been studied by cyclic 
voltammetry (CV) in CH2Cl2 with nBu4NPF6 as the supporting electrolyte. 
Both complexes 5.1 and 5.2 exhibited the electrochemically quasi-reversible 
oxidation process with Epa = 0.896 and 1.158V for 5.1 and 0.916 and 1.188V 
for 5.2 (vs Ag/AgCl/ 3M KCl), corresponding to two steps of one electron 
oxidation from Pt2(II) to Pt2(III) (See table 5.3 and figures 5.11 and 5.12). 
Complex 5.1 and 5.2 are less susceptible to oxidation compared to 
[Pt2(ppy)2(µ-pyt-κN,S)2] which gave an irreversible oxidation of Pt(II) to 
Pt(III) (Epa = 0.58V vs NHE).185 When the solution was doped with NOSH, a 
cathodic shift was observed for the first one electron oxidation wave with Epa 
= 0.725V for 5.1+NOSH and 0.715V for 5.2+NOSH, respectively (See table 
5.3 and figures 5.11 and 5.12), suggesting that NOSH may promote this step 
of one electron oxidation for both complexes. However, the second electron 
oxidation peak showed an anodic shift with Epa= 1.279V for 5.1+NOSH and 
Epa= 1.188V for 5.2+NOSH. It may indicate that mixed-valence Pt(II)-Pt(III) 
species electrochemically produced in NOSH doped solution are less 
susceptible to oxidation. The reduction waves (Epc) of complexes 5.3 and 5.4 
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were observed at -0.786 and -0.745V, respectively (the cathodic limit is -1V) 
(See table 5.3 and figure 5.13). 
 
Table 5.3 Cyclic voltammetric data for complexes 5.1–5.4, 5.1 + NOSH and 
5.2 + NOSH 
 
Complex Cyclic Voltammetry 

























5.3 0.322[-0.786] 1.108 -0.232 
5.4 0.524[-0.745] 1.269 -0.110 
 
 
Figure 5.11 Cyclic voltammograms of 5.1 (0.6 mM) (dash line) and a mixture 
of 5.1 (0.6 mM) and NOSH (1.2 mM) (solid line) in 0.05 M nBu4NPF6 in 
CH2Cl2 at r.t. (scan rate = 50mV s-1, positive-potential scan direction). 
0 0.25 0.5 0.75 1 1.25 1.5
Voltage (V)




Figure 5.12 Cyclic voltammograms of 5.2 (0.6 mM) (dash line) and a mixture 
of 5.2 (0.6 mM) and NOSH (1.2 mM) (solid line) in 0.05 M nBu4NPF6 in 
CH2Cl2 at r.t. (scan rate = 50mV s-1, positive-potential scan direction).  
 
 
Figure 5.13 Cyclic voltammograms of 5.3 (0.6 mM) (solid line) and 5.4 (0.6 
mM) (dash line) in 0.05 M nBu4NPF6 in CH2Cl2 at r.t. (scan rate = 50mV s-1, 
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We have demonstrated a photo- and electro-active dinuclear structural motif in 
which two square planar Pt(II) moieties can be juxtaposed by a combinative 
use of two sets of anionic ligands, bridging benzoxazole-2-thiolate and 
chelating 2-phenyl-pyridine and benzo[h]quinoline. The dinuclear core 
structure Pt2(C^N)2(S^N)2 (C^N= ppy and bzq and S^N= (µ-NOS-κN,S)2 is 
sufficiently robust to withstand oxidation (metal-based). Yet, the bridging 
ligands are sufficiently flexible to allow the metals to come into bonding 
contacts upon oxidative entry of axial ligands. This form of redox-sensitive 
and reversible Pt-Pt bonding changes with preservation of the dinuclear core 
could provide a useful molecular sensing tool due to the different 
photoluminescent properties of Pt(II) and Pt(III) dinuclear complexes. The 
axial and equatorial approaches of the benzoxazole-2-thiolate ligands give rise 
to two different coordination modes, viz. bridging and terminal. This 
demonstrates the inherent flexibility of a hybrid ligand that is able to adapt to 
environmental changes. Such coordinative adaptability has prompted us to 
examine other structural forms that can be supported by these ligands.  
 
5.9 Experimental 
All chemicals and solvents were used as purchased. The reactions were 
conducted in laboratory condition without nitrogen protection. 2-
mercaptobezoxazole (NOSH) was purchased and used as received. 1H, 13C 
NMR and 195Pt spectra were recorded on a Bruker AMX 500 MHz FT NMR 
spectrometer. Na2PtCl6 in D2O was used as standard reference for 195Pt NMR. 
[Pt(L)(µ-Cl)]2  (L = ppy (2-phenylpyridine) or bzq (benzo[h]quinoline)) were 
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synthesized according to the literature.190 Elemental analyses for C, H, N and 
S were conducted on a Perkin-Elmer PE 2400 CHNS elemental analyzer. ESI-
MS was performed on a Bruker amaZon X ion trap mass spectrometer or 
Thermo Finnigan LCQ spectrometer. Electrochemistry was performed on 
Metrohm AUTOLAB assembly with 3 electrode setup using 1.5mm radius of 
glassy carbon as the working electrode, 3M KCl, Ag/AgCl as the reference 
electrode and 0.8x0.7 cm of platinum blade as the counter electrode. UV-Vis 
absorption spectra were recorded on a Shimadzu UV-1601 spectrophotometer. 
Emission spectra were measured using Perkin Elmer LS55 Luminescence 
spectrofluorimeter. The lifetime measurementof the samples was recorded 
with Time-correlated Single Photon Counting (TCSPC) Module and 
Picosecond Event Timer (PicoHarp 300). The samples were excited by the 
405nm line of a picosecond pulsed laser diode head (PicoQuant PDL 800-B). 
The photoluminescence was dispersed through a monochromator (Acton 
SpectroPro 2300i) and detected with a liquid N2 cooled CCD camera 
(Princeton, Spec-10:100). Quantum yield analysis was using comparative 
method corresponding to rhodamine 6G as reference.191 
 
Synthesis of complexes 5.1 and 5.3 
[Pt(L)(µ-Cl)]2  (L = ppy (2-phenylpyridine)) (0.2 g, 0.26 mmol) was added to a 
THF solution  (5 mL) of 2-mercaptobenzoxazole (0.165 g, 1.09 mmol) and 
NaOAc (0.18 g, 2.19 mmol). The suspension was stirred at r.t. for overnight. 
The resultant dark red solution was vacuum dried, and the crude products were 
purified and separated by column chromatography by using hexane, CH2Cl2 
and 10:1 of CH2Cl2:acetone as eluents to give complexes 5.1 and 5.3.  




Complex 5.1 was obtained as bright orange yellow solid, yield (0.09 g, 35%). 
Single crystal suitable for X-ray diffraction was grown by slow diffusion of 
Et2O into CH2Cl2 sample solution. 1H NMR(500 MHz, CD2Cl2): δ (ppm) = 
7.77-7.74 (m, 4H), 7.64 (d, J = 8.0 Hz, 2H) 7.50 (td, J = 7.5, 1.5 Hz, 2H), 
7.37-7.35 (m, 2H), 7.22-7.19 (m, 4H), 7.15 (d, J = 8.0 Hz, 2H), 7.01 (d, J = 
6.5 Hz, 2H), 6.81 (t, J = 7.5 Hz, 2H), 6.68-6.65 (m, 4H). 13C NMR (125.77 
MHz, CD2Cl2): δ (ppm) = 175.49, 165.58, 151.61, 147.76, 144.41, 141.72, 
139.25, 137.87, 133.96, 128.57, 123.62, 123.10, 122.61, 122.51, 121.40, 
117.87, 115.47, 109.20. 195Pt NMR (107.09 MHz, CD2Cl2): δ (ppm) =             
-3728.58. Anal. Calcd for C36H24N4O2Pt2S2: C, 43.29; H, 2.42; N, 5.61; S, 
6.42. Found: C, 43.60; H, 2.42; N, 5.48; S, 6.42. ESI-MS (m/z, %, L = 
C7H4NOS): [M ‒ L]+ (848.01, 100). 
 
 
Complex 5.3 was obtained as red solid, yield (0.075 g, 23%). Single crystal 
suitable for X-ray diffraction was grown by slow diffusion of Et2O into 
CH2Cl2 sample solution. 1H NMR(500 MHz, CD2Cl2): δ (ppm) = 8.52-8.50 
(m, 2H), 7.85 (d, J = 5.5 Hz, 2H), 7.53-7.51 (m, 2H), 7.33 (td, J = 8.0, 1.5 Hz, 
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2H), 7.29-7.27 (m, 4H), 7.12 (dd, J = 7.5, 1.0 Hz, 2H), 7.08-7.06 (m, 2H), 6.99 
(dd, J = 5.5, 3.5 Hz, 4H), 6.84-6.81 (m, 4H), 6.68-6.66 (m, 2H), 6.53 (td, J = 
7.5, 1.0 Hz, 2H), 6.48 (td, J = 8.0, 1.5 Hz, 2H), 6.42 (dd, J = 7.5, 1.5Hz, 2H). 
13C NMR (125.77 MHz, CD2Cl2): δ (ppm) = 181.55, 166.19, 161.95, 152.89, 
151.78, 147.54, 143.19, 141.17, 139.19, 138.40, 138.14, 130.71, 130.13, 
124.78, 124.71, 124.03, 123.86, 123.44, 123.33, 123.09, 119.64, 119.28, 
118.07, 110.49, 109.37. 195Pt NMR (107.09 MHz, CD2Cl2): δ (ppm) =              
-2542.24. Anal. Calcd for C51H35N6O4Pt2S4: C, 46.61; H, 2.68; N, 6.39; S, 
9.76. Found: C, 46.28; H, 2.57; N, 6.32; S, 9.68. ESI-MS (m/z, %, L= 
C7H4NOS): [M ‒ L]+ (1148.89, 100). 
 
Synthesis of complexes 5.2 and 5.4 
Complexes 5.2 and 5.4 were prepared with a similar method as described for 
complex 5.1 and 5.3. [Pt(L)(µ-Cl)]2  (L = bzq (benzo[h]quinoline)) (0.2 g, 
0.245 mmol) was used as starting materials.  
 
Complex 5.2 was obtained as orange solid, yield (0.082 g, 32%). Single 
crystal suitable for X-ray diffraction was grown by slow diffusion of Et2O into 
CH2Cl2 sample solution. 1H NMR(500 MHz, CD2Cl2): δ (ppm) = 7.83 (dd, J = 
5.5, 1.5 Hz, 2H), 7.75 (dd, J = 7.0, 1.5 Hz, 2H), 7.71-7.69 (m, 4H), 7.45 (dd, J 
= 7.0, 2.0 Hz, 2H), 7.27 (d, J = 9.0 Hz, 2H), 7.22 (qd, J = 7.0, 1.5 Hz, 4H), 
7.11 (d, J = 2.5 Hz, 2H), 7.07 (d, J = 8.5 Hz, 2H), 6.98 (t, J = 7.5 Hz, 2H), 
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6.82 (qd, J = 8.0, 5.5 Hz, 2H). 13C NMR (125.77 MHz, CD2Cl2): δ = 175.96, 
154.03, 151.66, 146.92, 140.27, 139.44, 138.68, 136.43, 132.24, 130.71, 
127.94, 127.79, 125.13, 123.67, 123.13, 122.12, 120.61, 119.88, 115.32, 
109.26. 195Pt NMR (107.09 MHz, CD2Cl2): δ (ppm) = -3729.55. Anal. Calcd 
for C40H24N4O2Pt2S2: C, 45.89; H, 2.31; N, 5.35; S, 6.13. Found: C, 45.53; H, 
2.51; N; 5.16; S, 6.29. ESI-MS (m/z, %): [M + Na]+ (1068.7, 100).  
 
 
Complex 5.4 was obtained as dark red solid, yield (0.056 g, 17%). Single 
crystals suitable for X-ray diffraction were grown by layering a CH2Cl2 
sample solution with hexane. 1H NMR(500 MHz, CD2Cl2): δ = 8.51 (dd, J = 
8.0, 1.0 Hz, 2H), 7.68 (d, J = 1.5 Hz, 2H), 7.61 (dd, J = 5.5, 1.5 Hz, 2H), 7.37-
7.28 (m, 8H), 6.97 (t, J = 7.5 Hz, 2H), 6.91 (t, J = 5.5 Hz, 4H), 6.82-6.77 (m, 
6H), 6.58 (dd, J =8.0, 5.5 Hz, 2H), 6.46-6.44 (m, 2H). 13C NMR(125.77 MHz, 
CD2Cl2): δ = 182.97, 165.47, 153.19, 151.18, 149.64, 146.69, 142.50, 139.28, 
136.77, 135.99, 135.41, 133.16, 129.71, 128.27, 127.96, 126.22, 124.82, 
124.76, 123.51, 123.23, 123.03, 122.98, 121.01, 119.09, 117.95, 110.76, 
109.16. 195Pt NMR (107.09 MHz, CD2Cl2): δ = -2548.29 ppm. Anal. Calcd for 
C54H32N6O4Pt2S4: C, 48.14; H, 2.39; N, 6.24; S, 9.52. Found: C, 48.36; H, 
2.54; N, 6.19; S, 9.65. ESI-MS (m/z, %, L = C7H4NOS): [M ‒ L]+ (1196.87, 
100). 
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Reduction of complexes 5.3 and 5.4 
A mixture of complex 5.3 (20 mg, 0.016 mmol) or 5.4 (22 mg, 0.016 mmol) 
with NaBH4 (6 mg, 0.16 mmol) was stirred in THF (5 mL) at r.t. for overnight. 
After removing the solvent, the crude products were separated and purified by 
column chromatography. Formation of complex 5.1 and 5.2 was confirmed by 
1H NMR and ESI-MS. Yields: 5.1, 8 mg (51%); 5.2, 9 mg (54%). 
 
Oxidation of complexes 5.1 and 5.2 
A mixture of complex 1 (30 mg, 0.03 mmol) or 2 (32 mg, 0.03 mmol) with 2-
mercaptobenzoxazole (10 mg, 0.066 mmol) and NaOAc (11 mg, 0.132 mmol) 
was stirred in THF (5 mL) at r.t. for overnight. The resultant solution was 
vacuum dried, and the crude products were purified and separated by column 
chromatography. Formation of complex 5.3 and 5.4 was confirmed by 1H 
NMR and ESI-MS. Yields: 5.3, 12 mg (30%); 5.4, 10 mg (25%). 
 
Diffraction measurements were conducted at 100(2)–273(2) K on a Bruker 
AXS APEX CCD diffractometer by using Mo Kα radiation (λ = 0.71073 Å). 
The data were corrected for Lorentz and polarization effects with the SMART 
suite of programs and for absorption effects with SADABS129. Structure 
solutions and refinements were performed by using the programs SHELXS-
97130 and SHELXL-97131. The crystal of 5.4 • 3CH2Cl2 is monoclinic, space 
group P2(1)/n. The asymmetric unit contains one molecule of the compound 
C54H32N6O4S4Pt2 and three CH2Cl2 solvate molecules that are disordered. 
They were refined in two groups of occupancy ratio 66:34. There were two 
large residual peaks (heights over 6.0e) which could not be accounted for. This 
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is interpreted as a small percentage of disordered complex (about 2.5%), 
because the distance of their two peaks was same as the Pt-Pt distance. Other 
residual peaks of this disordered complex did not show because the peak 
heights would be too low. Refinement with this scheme reduced the R values 
to a very low level. Final R values are R1 = 0.0395 and wR2 = 0.110 for 2-theta 
up to 55º. The crystal of 5.5 • CHCl3 is monoclinic, space group P2(1)/n. The 
asymmetric unit contains one molecule of the compound C54H32N6O4S4Pt2 and 
one CHCl3. Initial refinement result showed that the two axial S containing 
ligand anions were disordered. The disorder appeared to be due to partial 
replacement by CHCl3.Cl-, where the CHCl3 is needed for space filling 
purpose. Free variable refinement indicated about 22% being replaced. Final 
refinement with this scheme resulted in very good R values with R1 = 0.0379 
and wR2 = 0.0943. Selected crystal data for complexes 5.1–5.5 are 
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Table 5.4 Crystallographic data for complexes 5.1–5.5. 
 
Complex 5.1 • CH2Cl2 5.2 5.3 5.4 •3CH2Cl2 5.5 • CHCl3 









MW 1083.82 1046.93 1299.24 1602.05 1463.36 
T / K 100(2) 223(2) 223(2) 100(2) 273(2) 
Cryst. syst. Triclinic Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P-1 P2(1)/C C2/c P2(1)/n P2(1)/c 
a / Å 11.0333(13) 22.816(7) 17.731(5) 14.2649(9) 15.2972(11) 
b / Å 11.1183(13) 10.769(4) 17.059(5) 18.2230(12) 14.0052(10) 
c / Å 15.4788(19) 13.587(4) 15.670(5) 21.3226(14) 22.8163(17) 
α / ° 97.666(2) 90 90 90 90 
β / ° 105.770(2) 98.587(7) 109.995(6) 95.1340(10) 92.0850(10) 
γ / ° 109.916(2) 90 90 90 90 
V / Å3 1663.6(3) 3301.0(18) 4454(2) 5520.6(6) 4884.9(6) 
Z 2 4 4 4 4 




8.729 8.638 6.517 5.559 6.184 
F(000) 1028 1984 2504 3104 2818 
Reflections 
collected 22142 21755 14814 39123 34500 




7633/0/442 7541/0/451 5076/12/298 12676/52/737 11208 /43/662 
GOF 1.042 0.994 1.103 1.053 1.034 
Final R 
indices  
[I > 2σ (I)] 
R1 = 0.0215, 
wR2 =  0.0501 
R1 = 0.0506,  
wR2 = 0.0971 
R1 = 0.0550, 
wR2 = 0.1304 
R1 = 0.0395, 
wR2 = 0.1032 
R1 = 0.0379, 
wR2 = 0.0890 
R indices  
(all data) 
R1 = 0.0247, 
wR2 =  0.0514 
R1 = 0.0736, 
wR2 = 0.1056 
R1 = 0.0726,  
wR2 = 0.1447 
R1 = 0.0518, 
wR2 = 0.1097 
R1 = 0.0515, 
wR2 = 0.0943 
Largest diff. 
peak and hole   
( e.Å-3) 
1.421, -0.753 1.825, -1.099 2.357, -2.498 2.298, -1.498 1.744,  -1.035 
 
Calculation Details 
All DFT calculations were performed using the SIESTA package192 with 
numerical atomic orbital basis sets and Troullier-Martins norm-conserving 
pseudopotentials.193 The exchange-correlation functional utilized was GGA-
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